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Water is becoming increasingly scarce as the demand for fresh water continues to 
increase in a drastic manner. One potential new water resource is desalination of sea and 
brackish water. Reverse osmosis (RO) membranes desalination is one of the many 
processes used to obtain potable water fit for human consumption from seawater. 
Nevertheless, the membranes used in this process are prone to fouling by microorganisms 
and Chlorine attack.  
It has been shown from literature that developing an anti-fouling, Chlorine resistant, 
highly selective and highly permeable reverse osmosis membrane is a necessity. To 
develop such a membrane, one should improve the hydrophilicity of the membrane 
surface, reduce its roughness and make the surface negatively charged. The overall goal 
of this research was the development of high performance reverse osmosis membranes 
materials with improved permeability, high salt rejection and superior biofouling and 
Chlorine resistance. 
The present research was designed to investigate novel poly (vinyl alcohol) (PVA) RO 
membranes with various fillers and combinations and their effectiveness as active RO 
separation layers with improved biofouling and Chlorine resistance. The uniqueness of 
this work was that the PVA polymer matrix was utilized as an active RO layer without 
the use of any polymeric or ceramic substrate. 
The crosslinked PVA RO membranes incorporated with various fillers were fabricated 
using dissolution casting method. The fabricated membranes were then characterized and 
analyzed using various techniques like attenuated total reflection Fourier transform 
infrared spectroscopy (ATR-FTIR), contact angle measurements, X-ray diffraction 
xx	
	
(XRD), scanning electron microscope (SEM), atomic force microscope (AFM) and 
mechanical testing. The actual reverse osmosis performance of the membranes, including 
permeation testing, salt rejection and Chlorine resistance was examined using a reverse 
osmosis permeation unit. 
This study showed that the incorporation of Pluronic F127 and MWCNTs into the PVA 
polymer matrix improved the overall RO performance of the membrane in terms of 
hydrophilicity, surface roughness, water permeability, salt rejection, Chlorine resistance 
and biofouling resistance. The membranes that contain 0.08 and 0.1 wt% MWCNTs 
provided optimal salt rejection, Chlorine and biofouling resistance and mechanical 
strength. Although the permeation of these two membranes is not the best, they relatively 
have an excellent water flux.    
Furthermore, It has been shown that the conjugation of Vanillin and Pluronic F-127 
improved the overall RO performance of the membrane in terms of hydrophilicity, 
surface roughness, salt rejection, Chlorine resistance, biofouling resistance and 
mechanical strength. Membranes PVA-V4 and PVA-V5 provided optimal salt rejection, 
Chlorine resistance, mechanical strength and surface hydrophilicity. Although the 
permeation of these two membranes is not the best, they relatively have an excellent 
water flux.  
It has been shown that conjugating PVA with Gum Arabic and Pluronic F127 improved 
the overall RO performance of the membrane in terms of hydrophilicity, surface 
roughness, water permeability, salt rejection, Chlorine resistance, biofouling resistance 
and mechanical strength. The membrane PVA-GA-5 that contains 0.9 wt% Gum Arabic 
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provided optimal salt rejection, Chlorine and biofouling resistance, mechanical strength, 
permeability, surface roughness and surface hydrophilicity.    
The incorporation of ZnO-NPs and Pluronic F-127 improved the performance of RO 
membrane, as well. The improvement was in terms of water permeability, salt rejection 
and Chlorine resistance by increasing hydrophilicity and affecting the roughness of the 
membrane. The membrane TFN4, containing 0.08 wt% ZnO-NPs, exhibited superior 
permeation flux, salt rejection and Chlorine resistance. 
HPEI-RO membranes having zwitterions were effectively synthesized, as well. FTIR 
analysis confirmed the HPEI and MA functional group of the membranes. The AFM 
roughness value of all HPEI-RO membranes decreased with increasing HPEI content in 
zwitterionic membranes. Both water contact angle and RO performance test 
measurements demonstrated that HPEI-RO membranes had high permeation flux and 
could bind high amount of water molecules with zwitterions in membranes. In addition, 
the HPEI-RO3 exhibited the stability during desalination process and good fouling 
resistance property.  
Lastly, the outcomes of this study have shown a great promise for the proposed 
crosslinked PVA membrane as an active RO separation layer without a substrate. The 
results of this investigation showed that the fabricated RO membrane overcame PVA 
drawbacks through appropriate crosslinking and through appropriate selection of fillers. 
The synthesized membranes had an improved RO performance and an enhanced Chlorine 






1.1 Scarcity of Global Potable and Clean Water 
Around one billion people worldwide are suffering from the lack of clean water, 
according to the World Health Organization. Approximately 2.3 billion live in areas that 
are water-stressed. Another factor that enormously affects the water demand equation is 
the global population increase. The global population increase is around 80 million a year 
[1-4]. Figure 1.1 shows the increasing demand of water worldwide.   
Although most of earth’s surface is water, only 2.5% is fresh water and a small amount of 
the fresh water is easily reachable. This is because most of the fresh water is stored as 
glaciers or is very deep underground [3, 5]. Therefore, tremendous effort to provide 
clean, fresh water for the world populations is necessary. 
1.2 Water Desalination Technologies 
Water desalination techniques can be classified under the following two general 
processes: (a) Phase change processes (thermal methods) or (b) single phase processes 
(membrane processes). Multi-effect distillation (MED), multistage flashing (MSF) and 
vapor compression (VC) are the most commonly used phase change processes. Reverse 
osmosis (RO) (a membrane technique) is widely used nowadays [6]. Forward osmosis 
(FO) is an emerging, low-cost membrane technology that has a bright future [7-11]. For 
very salty seawaters, Thermal techniques showed better effectiveness compared to 
membrane techniques [6]. As shown in Figure 1.2, around 60% of the worldwide 









Figure 1.2 Worldwide installed desalination capacity by technology [12]. 
	
	
Advances in water desalination technologies have been rapid. The cost to desalinate 
seawater lowers from about $9.0/m3 around 1960, to around $1.0/m3 in 2005 for the MSF 
process. The costs have fallen to $0.6/m3 for saline water desalination using RO [14]. The 
total desalination market reached over US$31 billion in 2015, as shown in Table 1.1. 
Around 50% of the total desalination investments are for seawater RO (SWRO) projects. 
This is mainly due to its lower total cost. The utilization of thermal techniques will 





Table 1.1 Market historical and forecast data of desalination systems [12]. 
Project type 2006–2010 ($billion USD) 2011–2015 ($billion USD) 
Seawater RO 9.92 15.48 
Seawater MED 3.03 4.04 
Seawater MSF 8.39 7.07 
Small thermal 2.06 2.33 
Brackish RO 1.43 2.18 






1.3 History of Water Desalination 
Desalination first began to get commercialized at the early days when they first tried to 
desalt water at ships or boats long journeys. To avoid depletion of fresh water on board, 
they used some sort of heat to distill seawater. Japanese sailors used a very basic 
distillation technique; they heated pots of salty water and used bamboo tubes to collect 
the evaporated fresh water. This was in the beginning of the 17th century [15]. Many 
countries began to develop advanced distillation technologies in the late 18th century. 
Some of the first desalination plants worldwide include the plants in Tigne, Malta in 1881 
and in Jeddah, Saudi Arabia in 1907 [15]. Middle Eastern countries are the first to use 
desalination on a large scale for municipal drinking water production. Seawater 
distillation plants were first developed in the 1950s and the 1960s. In the late 1960s, 
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membranes entered the desalination market, and the first successful RO plants that used 
brackish water as the feed were established. In the following decade, after further 
developments in the membranes materials, the permeability and salt rejection were 
improved, which allowed for the utilization of RO technology in seawater desalination. 








Figure 1.4 Modern RO plant in Spain [17]. 
 
 
1.4 Reverse Osmosis Membranes 
Nowadays, RO is the prominent desalination technology. It took the leadership over 
conventional thermal technologies and is expected to maintain its leadership in the near 
future. RO attracts interests commercially due to continuous process improvements and 
significant cost reductions. Theses improvements include developments in membrane 
materials and module design, process design, feed pre-treatment and energy recovery and 
reduction in energy consumption [18]. 
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Some polymers have a property called semi-permeability, which means that they are very 
permeable for water but their permeability for dissolved substances is low. When 
applying a pressure difference across the membrane, the contaminated water in the feed is 
forced to permeate through the membrane surface [19]. Fairly high feed pressure is 
required to overcome the feed side osmotic pressure, a process called reverse osmosis. 
The Operating pressure ranges from 55 to 68 bar in seawater desalination. On the other 
hand, for brackish water, the operating pressure is lower due to the lower osmotic 
pressure, since the water is less saline [19]. Figure 1.5 shows the basic schematic for 









1.4.1 Reverse Osmosis Process Fundamentals 
When the pressure and temperature on both sides of the membrane are equal, water will 
permeate from the high concentration side of the membrane to the low concentration side. 
This process will continue even if there is a pressure difference between the two sides 
until the pressure difference, Δp reaches the osmotic pressure, Δπ. If Δp is larger than Δπ, 
the direction of flow is reversed and water goes from the high concentration side to the 
low concentration side. This process is called reverse osmosis (RO) [19]. 
A crucial feature an RO membrane should have is high permeate flux and high salt 
rejection [19]. In addition to that, excellent Chlorine and fouling resistance, mechanical 
durability, and low cost are very important features [20]. Very thin membranes are 
required to achieve high permeability, since the flux is inversely proportional to the 
membrane thickness. RO membranes generally consist of a very thin active non-porous 
layer and a porous supporting layer for mechanical support. The thin active layer is 
responsible for almost all resistance to mass transport and salt rejection. The support 
layer, on the other hand, protects the membrane from breaking. Membranes featuring this 
combination of active layer and supporting structure are called asymmetric membrane, as 
shown in Figure 1.6 [19]. In symmetric membranes, the structure and transport properties 
are undistinguishable over the entire membrane cross-section; and the flux is directly 




Figure 1.6 Schematic of (a) reverse osmosis (RO) desalination process and (b) membrane 
configurations including integrally asymmetric membrane (left) and thin film composite 
membrane (right) [20]. 
	
	
1.4.2 Polymeric RO Membranes 
Commercially, Polymeric RO membranes have dominated applications since the very 
first RO desalination plant. They are low-cost membranes, very easy to handle and they 
have great permeability and salt rejection [18]. Commercially available RO membranes 
are basically synthesized from two types of polymers: cellulose acetate (CA) and 
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aromatic polyamides (PA). In 1960’s, the first cellulose acetate membrane was 
commercially applied for seawater desalination. Nowadays, cellulose acetate membranes 
are derived from either cellulose acetate, triacetate, diacetate or their blends, in the form 
of asymmetric configuration (Figure 1.6, b) [20]. Since they are derived from naturally 
occurring cellulose, CA membranes are relatively low-cost membranes. However, there 
are some drawbacks, such as a narrow operating pH range (4.5–7.5), sensitivity to 
biological attack, structural compaction under high pressure and low upper temperature 
limit [20]. In the mid-1970s, Cadotte, at North Star Research, developed the interfacial 
polymerization method for producing polyamide (PA) thin film composite (TFC) 
membranes (Figure 1.7) [19, 20, 22-24]. The PA TFC membranes are composed of a thin 
highly selective aromatic polyamide layer bottomed by a reinforced micro-porous sub-
layer, which has another polymer (Figure 1.6, b). PA membranes, when compared to CA 
membranes, show much better water flux, salt and organic rejections, and pressure 
compaction resistance. They also operate under wider operating temperatures and pH 




Figure 1.7 The polyamide derived from m-phenylenediamine (MPD) and trimesoyl 
chloride (TMC) via interfacial polymerization [20]. 
 
 
1.4.3 Inorganic Membranes 
In recent decades, zeolite and other inorganic membranes have been studied extensively 
for gas separation and liquid pervaporation. Zeolite membranes, in particular, have shown 
potential advantages for desalination in terms of superior permeability and selectivity, 
compared to polymeric membranes, since they have very specific pore structure and 
narrow pore size distribution. Zeolite membranes are synthesized by the hydrothermal 






Figure 1.8 (a) SEM image of a cross section of zeolite NaA membrane supported on 
porous α-Al2O3 ceramic. (b) Illustrations of an inter-crystal  pore and zeolite pore in 
zeolite membranes [20]. 
 
 
1.5 Organization of The Dissertation 
This dissertation contains 9 chapters including this introductory chapter. Chapter 2 offers 
a detailed literature review about the process of reverse osmosis desalination including its 
history, its background and theory, the challenges facing its utilization and how to 
address them. Chapter 3 detailed the overall and specific objectives of this research 
followed by the procedures and methods. Chapter 4 discusses the influence of utilizing 
crosslinked poly (vinyl alcohol) (PVA) as an active RO membrane with the incorporation 
of Pluronic F-127 and MWCNTs on the RO performance including Chlorine and 
biofouling resistance. Chapter 5 offers a comprehensive study on the effect of 
incorporating Vanillin into the PVA membrane system on the membrane performance. 
Chapter 6 describes a research on conjugating Gum Arabic and Pluronic F-127 with the 
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membrane matrix and their influence on Chlorine resistance enhancement and biofouling 
mitigation. Chapter 7 displays an investigation on the influence of incorporating ZnO 
nano-particles (ZnO-NPs) into the membrane matrix and their effect on permeability, 
selectivity and Chlorine and biofouling resistance. Chapter 8 describes the feasibility of 
utilizing hyperbranched polyethyleneimine as biofouling resistant agent and its effect on 
the RO performance of the PVA-based membrane. Chapter 9 closes with conclusions and 






















 LITERATURE REVIEW 
 
2.1 Historical Development of RO Water Desalination Membranes 
In 1949, researchers reported that the report entitled “The Sea as a Source of Fresh 
Water” has initiated the research in the area of salt-rejecting membranes [18]. In 1959, 
Reid and Breton showed that a thin symmetrical cellulose acetate (CA) membrane could 
be used to desalinate water with 98% salt rejection; unfortunately, the water flux was 
very low, of the order of less than10 mL/(m2.h) [29]. In 1963, Loeb-Sourirajan invented 
the first asymmetric CA membrane. The thin layer of CA was formed on top of a thick 
micro-porous layer. The flux of this membrane was an order of magnitude higher than 
that of the previous symmetric model [30, 31]. Due to its stability in a wider range of 
temperatures and pH, cellulose triacetate (CTA) membrane was developed. CTA has 
higher resistance to chemical and biological attack when compared to the initial cellulose 
diacetate (CDA) material. However, the drawback of CTA is that it has a very low 
mechanical strength which results in possible compaction that causes flux decline even at 
moderate pressures [18, 32]. It has been reported that blending CDA with CTA offered 
higher permeability and selectivity and better resistance to compaction compared to CA 
membranes [18, 33]. 
Richter and Hoehn developed the first non-cellulosic asymmetric membrane. It consisted 
of an aromatic polyamide (PA) asymmetric hollow-fiber membrane [18]. The trade name 
of this membrane was B-9 Permasep® and it was commercialized by Du Pont for 
brackish water desalination applications. This membrane had better durability, stability 
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and versatility compared to CA membranes. Unfortunately, the flux and salt rejection 
were low [18, 34, 35].  
2.1.1 Thin Film Composite membranes 
 
Due to the fact that it is difficult to form asymmetric membranes from most soluble 
polymers in one step casting, two-step casting methods were utilized. This method yields 
anisotropic membrane morphologies. Using this method, one can optimize the properties 
of each, the support layer and the active layer independently. The support layer is 
optimized for better mechanical stability and strength, while the active layer is optimized 
for salt rejection and permeability. Furthermore, a wide variety of polymers can be tested 
for the barrier layer and support layer separately. Membranes synthesized using this 
method are called thin film composite membranes (TFC) [18, 36]. 
The first thin film composite membrane was proposed by Morgan using interfacial 
polymerization method [24]. Cadotte and his co-workers made it commercially available 
by optimizing the polymerization conditions to get high flux and high rejection 
membranes. They achieved the optimum performance by interfacial crosslinking of 
piperazine with trimesoyl chloride/isophthaloyl chloride mixture [24, 37]. After the 
invention of the interfacial polymerization method to synthesize thin film composite 
(TFC) membranes by Cadotte and his coworkers, multiple corporations started to develop 
and produce TFC membranes commercially [24, 37]. 
2.2 Transport Through RO membranes 
The transport through RO membranes is governed by the solution-diffusion theory [38-
40]. The theory states that, initially, a molecule from the feed solution gets absorbed onto 
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the upstream face of the membrane. Afterwards, it diffuses through the membrane with 
the aid of the chemical potential gradient in the membrane. Lastly, it desorbs from the 
downstream face of the membrane towards the permeate solution. The applied pressure 
stimulates the activity gradient, which is the driving force for transport through RO 
membranes. The governing equation describing solution-diffusion transport is [38, 39]: 
𝐽! = 𝐿!( ∆𝑃 −  ∆𝜋 ) 
where Jw is volumetric water flux (L/(m2 hr)), Lp is membrane permeance (L/(m2 hr bar)), 
Δp is the applied trans-membrane pressure difference (bar) and Δπ is the osmotic pressure 
difference between the feed and the permeate solutions (bar). The flux could be defined 
as the volume of water passing through the membrane across a unit cross-sectional area 





where D is the diffusion coefficient of water in the membrane (cm2/s), S is the water 
solubility in the membrane, equivalent to the water volume fraction in the membrane, V 
is the molar volume of water (18 cm3/mole), R is the ideal gas constant (83.1 (cm3 
bar)/(mol K)), T is the ambient temperature (K) and l is the membrane thickness (cm). In 
membrane-based desalination, purified water is forced through the membrane by the 
application of high pressure. The external applied pressure is needed to overcome the 
osmotic pressure present in the system that is caused by the difference in the salt 
concentration of both sides of the membrane. The osmotic pressure is proportional to the 
solute concentration. For an ideal solution, with all salt ions being completely 
dissociated, the osmotic pressure is given by the following equation [38-40]: 
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𝜋 = 𝑖𝑀𝑅𝑇 
where i is the dimensionless Van't Hoff factor, M is the molarity, R is the gas constant 
and T is the thermodynamic (absolute) temperature. Salt transport through the membrane 
is also governed by the solution-diffusion theory [38-40]: 
𝐽! = 𝐵 (𝐶! − 𝐶!) 
where Js is salt flux (mg/(m2 hr)), B is the membrane salt permeance (L/(m2 hr)), and Cf 
and Cp are the salt concentrations in the feed and permeate streams, respectively (mg/L). 
For a nonporous, defect-free membrane, the membrane salt permeance is calculated by 




where Ds is the salt diffusivity in the membrane (cm2/s), Ks is the salt partition coefficient 
and l is the membrane thickness (cm). Therefore, salt flux is related to water flux by: 
𝐽! = 𝐽!𝐶! 
The selectivity of RO membranes is usually quantified in terms of salt rejection rather 
than salt flux. Salt rejection is calculated by the following equation [38-40]: 





2.3 RO Membranes Challenges 
Despite the relative success of RO membranes technologies, there are some challenges. 




2.3.1 Membrane Fouling 
Fouling can be defined as the deposition of foulants on top of the membrane surface or 
within the pores of the membrane. Membrane fouling can be classified into inorganic 
fouling, colloidal fouling, organic fouling and biofouling. Fouling is the major factor that 
negatively affects the membrane performance and reduces its life, which increases the 
overall cost of the desalination process [43-48]. The scientific cause of fouling is agreed 
to be the reversible and irreversible adsorption of dissolved species onto the surface or 
inside the pores of the membrane [49-51]. 
2.3.1.1 Biofouling 
Most of the foulants, other than bio-foulants, can be removed or their effect can be 
minimized to some extent by pretreatment.  Biofouling, on the other hand, is different. 
Membrane biofouling is defined as the buildup of microbial layers on the surface or 
within the pores of the membrane. Those micro-organisms such as bacteria, algae and 
fungi are pseudo particles, which means that even if pre-treatment gets rid of 99.99% of 
them, the remaining 0.01% can grow, multiply or even relocate. Therefor, it has been 
found that biofouling occurs even after feed water pretreatment and after the addition of 
disinfectants [42, 48, 51-55]. Micro-organisms can withstand extreme conditions like 
temperatures ranging from -12ºC to 110ºC and pH values between 0.5 and 13. The 
attached microorganisms embed and form biofilms. This means that the originally 
dissolved species are now locally restrained and converted from solution into a semisolid 
state [52, 53, 56, 57]. 
Biofouling follows a series of events. These include the transport, deposition and 
adhesion of cells followed by biofilm production and cell progression and spread, as 
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shown in Figure 2.1 [22, 51, 57, 58]. The worst thing about biofouling is that the cells are 
able to survive with insignificant amount of nutrients. Biofouling could decrease the 
membrane flux, deteriorate the membrane structure, increase salt passage and negatively 





































Figure 2.1 Biofilm Maturation Stages. Each stage of development in the diagram is 
paired with a photomicrograph of a developing P. aeruginosa biofilm. All 











2.3.2 Biofouling Negative Effects on RO Membranes 
The development of a biofilm on the surface of the membrane causes several undesirable 
consequences on the RO process. These include the following: 
2.3.2.1 Loss of salt rejection 
It has been reported that the formation of a biofilm causes an increase in solute content of 
the purified water through reverse osmosis membranes [64]. That loss of salt rejection is 
primarily due to the increase in concentration polarization at the membrane surface 
(Figure 2.2). The formation of a biofilm on the surface of the membrane may spread and 
stabilize the viscous sub-layer. Dissolved solutes tend to build up at that viscous sub-







Figure 2.2 Schematic drawing illustrating internal and external concentration polarization 
when an asymmetric membrane is used for pressure retarded osmosis [66]. 
 
2.3.2.2 Water flux decline 
The flux decline is caused by the formation of the low permeability biofilm on top of the 
membrane surface. One more reason is the irreversible change in the composition or 
structure of the RO polymer. The biofilm and the associated biopolymers are the major 
barrier for the passage of water molecules. If the biofilm is removed partially by chemical 
cleaning, water transport could be restored to near pre-fouling levels. Flux decline due to 
biofouling usually starts with an initial rapid decline followed by a gradual decay. The 
initial decline results from the initial adhesion of the microorganisms and the synthesis of 
the biopolymer. That stage is followed by the growth, which is more of a gradual 
behavior [51, 54, 65]. Figure 2.3 shows a typical normalized flux decline upon induced 
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biofouling with P. aeruginosa in four independent biofouling experiments terminated at 
different times. Also shown in the inset graph are the corresponding increases in salt 
passage at the end of the fouling experiments [61].  
 
 
Figure 2.3 Normalized flux decline and loss of salt rejection upon induced biofouling 
with P. aeruginosa [61]. 
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2.3.2.3 Increase in operating pressure 
Biofouling usually causes some frictional drag forces within the membrane module. That 
friction increase causes energy loss, which causes pressure dissipation, in turn. Due to 
biofouling, that trans-membrane pressure (ΔP) may exceed the design specification for 
the reverse osmosis module. This may result in compression or collapse of the module 
[65]. 
2.3.2.4 Membrane bio-degradation 
Micro-organisms attachment to the surface may destabilize the reverse osmosis 
membrane polymer, which makes it prone to oxidation or hydrolytic cleavage. Moreover, 
some bacteria and fungi may secrete some enzymes that degrade the membrane polymer 
directly [65]. 
2.3.3 Chlorine Attack 
Another challenge that faces most commercially available RO membranes is membrane 
polymer degradation through direct contact with Chlorine, which is commonly used as 
disinfectant in water and wastewater treatment. It has been reported that Chlorine 
exposure changes the chemical structure of the RO polymer, which affects membrane 
performance and shortens its lifespan [24, 67, 68]. 
For PA RO membranes, vulnerability to Chlorine attack is due to the presence of 
Chlorine-sensitive sites of amide linkages (–CONH–) and end amine groups (–NH2) in 
the polyamide chains [69]. Chlorine forms N-Chlorinated amides in the preliminary 
stage. Then, it is followed by a non-reversible reaction, which is ring-Chlorination 
through intramolecular rearrangement of Chlorine atom into the aromatic ring of the 
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diamine moiety via Orton rearrangement. Figure 2.4 shows the effect of the exposure to 
Chlorine on the chemical structure of PA. It has been reported that membrane polymer 
degradation due to Chlorine presence is independent of feed pH; rather, it strongly relies 










2.4 Membranes Surface Modification 
As reported earlier, the important stages in biofilm formation are bacterial adhesion, 
micro-colony formation, and biofilm maturation. Membrane surface modification is done 
primarily to prevent one or more of these stages [51]. Furthermore, surface modification 
is performed to mitigate Chlorine attack. 
Membrane surface hydrophilicity, charge, and roughness are known to be strongly related 
to biofouling. This is because they determine the interaction between the membrane and 
the foulants [71, 72].  
• Surface Hydrophilicity 
 Most of the commercial membranes are made from hydrophobic polymers with high 
thermal, chemical and mechanical stability. Since they are hydrophobic, they are 
susceptible to adsorption by biofoulants, which are essentially hydrophobic, as well. Fane 
and Fell and Hilal and coworkers reported that membranes with hydrophilic surfaces are 
less susceptible to fouling. This means that making the surface of the membrane more 
hydrophilic is a goal to make the surface more biofouling resistant [41, 73]. A 
hydrophilic surface forms a thin layer of water on top of the surface due to hydrogen 
bonding. This layer plays an important role in preventing or reducing the adsorption of 
biofoulants [72]. 
• Surface Charge 
 The charge of the membranes is an important factor in biofouling resistance, since most 
of the foulants are charged. It is preferred to use a membrane with the same electrical 
charge as the foulants. Electrostatic repulsion forces between the solute and the 
27	
	
membrane, when they carry the same charge, prevent the solute deposition on the 
membrane, which, in turn, reduce fouling [74, 75]. Ulbricht found out that if the surface 
is negatively charged, it would generate better results with the separation of proteins 
around neutral pH [76]. This is because the proteins are negatively charged, as well. 
Furthermore, most of the colloidal particles, such as natural organic matter (NOMs), that 
are attached to the surface are negatively charged [49]. Similar to the negatively charged 
surface, the positively charged membrane surfaces exhibited electrochemical repulsion 
against positively charged foulants [72, 77].  
• Surface Roughness 
It has been found that there is a strong correlation between fouling and the surface 
roughness of the RO and the nano filtration (NF) membranes [78]. A higher roughness 
increases the total surface area that foulants could be attached to, and the ridge-valley 
structure favors the accumulation of foulants on the surface. As a consequence, the 
rougher the membrane surface, the more it will be favorable for foulants to attach to the 
membrane surface [79]. In general, membrane development is currently focused on the 
reduction of membrane surface roughness.  
The goal of membrane surface modification is, therefore, to enhance surface 
hydrophilicity, reduce surface roughness and to introduce charged/bactericide groups on 
the membrane surface to prevent biofouling [71-74]. Some of the commonly used surface 
modification techniques are ultraviolet (UV) and redox-initiated surface grafting of the 
hydrophilic compounds, low-temperature plasma treatment, physical coating/adsorption 
of a thin layer of hydrophilic polymer on the membrane surface, chemical reactions on 
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the membrane surface, and surface modification of the polymer membranes with 




Figure 2.5 Schematic diagrams of antifouling mechanisms: (a) pure water layer; (b) 










2.5 Utilizing Poly (vinyl alcohol) in RO Applications 
Poly (vinyl alcohol) (PVA) is a water-soluble biodegradable polymer with intrinsic 
hydrophilicity, good film-forming properties and outstanding thermal, mechanical and 
chemical stability. PVA has been one of the best polymers to fabricate membranes with 
high chemical stability, good Chlorine tolerance and excellent fouling resistance. 
Consequently, PVA has been used broadly to synthesize membranes for separation and 
pressure driven processes such as microfiltration, ultrafiltration, reverse osmosis and 
pervaporation [81-87]. Swelling of PVA membranes in aqueous medium is observed due 
to its very high hydrophilicity, which makes it an open structure that affects the 
membrane performance, predominantly the membrane solute rejection. Therefore, 
crosslinking of PVA is needed to balance the hydrophilic-hydrophobic properties of such 
membranes [88-90]. PVA may be crosslinked by using multifunctional compounds, such 
as dicarboxylic acids, dialdehydes and dianhydrides, which could react with the –OH 
groups of PVA [91-96]. The highly polar nature of PVA mitigates fouling greatly, since 
non-polar surfaces enhance adsorption of water contaminants due to hydrophobic 
interactions [82]. 
PVA has been used as a surface coating agent by many researchers. Hachisuka and Ikeda 
coated PVA onto polyamide RO membrane to improve the antifouling properties [97]. 
The hydrophilicity and biofouling resistance of the membrane surface improved greatly 
[80]. Kim and Lee coated RO membranes with PVA to decrease surface charge and 
surface roughness. The resultant membrane showed great fouling resistance [80, 98]. 
Rana and coworkers investigated a redox system mediated rapid surface modification of 
polyamide thin film composite (TFC) reverse osmosis (RO) membrane using Cerium 
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(IV)/polyvinyl alcohol (PVA) for the improvement of both antifouling and Chlorine 
resistant properties. The modified membranes exhibited much enhanced antifouling 
property and Chlorine resistance during desalination of water in the presence of scale 
forming salt and protein [99]. Rajaeian et al. examined a series of thin film 
nanocomposite membranes developed by coating a surface-modified porous poly 
(vinylidene fluoride) (PVDF) support with PVA doped solution containing carboxylated 
TiO2 nanoparticles. The produced membrane had improved performance including solute 
rejection, antifouling properties and flux recovery ratio [100]. Liu et al. reported the 
chemical linkage of PVA on the surface of a commercial PA TFC membrane through a 
single step of grafting with potassium persulfate as thermal dissociation initiator. They 
found that the membrane surface became smoother, more hydrophilic and less charged 
with increased salt rejection. Furthermore, the surface had a slightly declined water flux, 
an improved Chlorine and fouling resistances to the model foulants of bovine serum 
albumin (BSA), sodium dodecyl sulfate (SDS) and dodecyltrimethyl ammonium bromide 
(DTAB) [69]. Bano et al. prepared a composite membrane by coating a thin layer of 
sodium alginate (NaAlg)/PVA blend on polysulfone support, then cross linked it in two 
steps with calcium chloride and glutaraldehyde, respectively. The produced membrane 
had enhanced flux and Chlorine resistance [101]. Nikkola et al. prepared PVA coatings 
on commercial TFC PA membranes to enhance anti-biofouling performance. The PVA 
coating was modified with cationic polyhexamethylene guanidine hydrochloride (PHMG) 
polymer to obtain antimicrobial performance. All coated membranes exhibited more 
hydrophilic and lower surface roughness. The coated membranes showed anti-microbial 
property against Escherichia coli (E. coli) and Bacillus subtilis (B. subtilis) [102]. 
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Mohammed and others prepared thin film multi-layers membranes composed of PVA, 
cellulose acetate and PEG. They were prepared using interfacial polymerization and the 
PVA layer was crosslinked by a varying maleic acid concentrations. Their membrane had 



















 OBJECTIVES AND METHODOLOGY 
3.1 Research Objectives 
It has been shown from the literature review that developing an anti-fouling, highly 
selective and highly permeable reverse osmosis membrane is a necessity. To develop 
such a membrane, one should improve the hydrophilicity of the membrane surface, 
reduce its roughness and make the surface biofouling resistant. The overall goal of this 
research is the development of high performance, economical reverse osmosis 
membranes materials with improved permeability, high salt rejection and superior 
biofouling and Chlorine resistance. The specific objectives are as follows: 
• To synthesize novel PVA RO membranes with chemical and mechanical stability. 
As has been discussed in the literature review, PVA has a great potential in RO 
applications. Nevertheless, the utilization of PVA as an active RO separation layer 
without a substrate has been limited due to PVA well known drawbacks, such as swelling 
and rupture under very high pressure. One objective of this research is to try to mitigate 
these downsides through proper crosslinking and mechanical strength enhancement.  
•  To incorporate various fillers within the PVA membrane matrix. 
Various nano or micro fillers could be incorporated within the membrane matrix to 
further enhance the overall RO performance of the PVA membrane. These fillers include 
Pluronic F-127, MWCNTs, ZnO-NPs, Vanillin, Gum Arabic, hyperbranched 
polyethyleneimine and various crosslinkers. 
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• To characterize and analyze the newly synthesized membranes. 
Excessive characterization is needed after synthesizing the membranes to make sure that 
the synthesis parameters and conditions are in accord with the synthesized membrane 
properties. For example, chemical identification after synthesis is very important to make 
sure that the reactants have been fully reacted.  
•  To evaluate the overall reverse osmosis performance of the newly synthesized 
membranes. 
Lastly, those newly synthesized membranes will be evaluated and their performance will 
be assessed. Permeation tests will be carried out to determine the permeability and the 
selectivity of the membranes. In addition, the membrane Chlorine and biofouling 
resistance will be evaluated. Those membranes will be tested in realistic conditions with 
the feed water resembling seawater and the operating pressure will be similar to that used 
in actual reverse osmosis desalination plants.  
3.2 Methodology 
3.2.1 Materials 
Analytical grade PVA (Mw=89000), bisphenol A diglycidyl ether (DGEBA) 
(crosslinker), Pluronic F-127 (average molecular weight: 12.6 kDa), dimethyl sulphoxide 
(DMSO), Sodium hypochlorite (NaClO), Vanillin (C8H8O3), Gum Arabic 
(Mw=250,000), hyperbranched polyethyleneimine (HPEI) and maleic acid (C4H4O4; 
MA> 99%) were acquired from Sigma Aldrich (St Louis, MO, USA). MWCNTs (>99%) 
produced by chemical vapor deposition followed by HCl mineralization, with 12 nm 
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diameter and 10 µm length, were purchased from Aldrich. Zinc Oxide nanoparticles 
(ZnO-NPs) with 99.7% purity were obtained from Inframat Advance Materials (USA). 
All chemicals were used without further purification. 
3.2.2 Permeation Studies 
A dead-end filtration system (Model HP4750 Stirred Cell, Sterlitech Corp., Kent, WA), 
shown in Figure 3.1, made of stainless steel 316 to ensure the chemical stability, with 300 
ml of feed, was used for all the permeation tests. It has an active filtration area of 14.6 
cm2. The permeation cell can withstand a maximum pressure rating of 1000 psig (69 bar) 
and has been widely used and described for various membrane filtration studies [31]. 
Nitrogen gas was compressed in the solution into the cell.  
Water flux through the membrane could be calculated using the following equation [99]: 
𝐽 =
𝑉
𝐴 𝑡 ,  
where J is the water flux (L/(m2.h)) or simply LMH, V is the volume of water permeated 
(L), A is the membrane active area (m2), and t is permeate sampling time (h). Salt 











3.2.3 Chlorine Resistance Testing 
It has been reported that there is an equivalent resultant effect when comparing high 
concentration Chlorine exposure for a short period of time to low concentration Chlorine 
exposure for a longer period of time [104, 105]. Thus, it is more convenient to expose the 
membrane surface to a high concentration of Chlorine for a short period of time for 
Chlorine resistance testing in the lab. Chlorinated solution (2000 mg/L) was prepared by 
diluting a commercial NaClO solution (free Chlorine content of 10 wt%) with distilled 
water. The pH of the prepared hypochlorite solution was adjusted to 4.0 by HCl (0.1 M) 
to make it more oxidative and harsh environment [106]. To perform the Chlorination 
experiments, water flux and salt rejection performance of the membranes were evaluated 
using 2000 mg/L NaCl solution and after that, the membranes were taken out of the test 
cells, washed with distilled water and exposed to 2000 mg/L hypochlorite solution for 2 h 
at pH=4.0 and 25◦ C. After exposure, the Chlorinated membranes were washed 
thoroughly with distilled water and re-loaded in the test cells. The performance of the 
membranes was evaluated again with 2000 mg/L NaCl aqueous solution. 
3.2.4 Biofouling Resistance Testing 
Antibacterial test was carried out using Escherichia coli by JIS L 1902–2002 
methodology. Broth (30 mL) was arranged in conical flasks. All flasks were autoclaved 
at 125 °C having a pressure of 15 psi for 30 min. After autoclaving, alpha E. coli strain 
(100µl) was protected in the flasks. The unmodified and modified membranes were added 
in each conical flask. All flasks were nurtured at 35 °C in an incubator for 24 h. After 
nurturing, 600 nm optical density (OD) was observed by a spectrophotometer. 
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Diffusion Inhibition Zone (DIZ) method was also conducted to examine the antimicrobial 
performance of the modified membranes. DIZ test was performed following the 
procedure of Clinical Laboratory Standards Institute (CLSI) document M2-A9 26:1 
[107]. 100 µL bacterial inoculums were spread on the agar plates. Modified membranes 
were then placed in the plates and incubated for 24 hours maintaining the temperature at 
30°C for the cultivation of model bacteria Bacillus Subtilis. The diffusion inhibition zones 
developed around the modified membranes were defined visually [102].  
3.2.5 Characterization Techniques 
3.2.3.1 Fourier transform infrared spectroscopy (FTIR) 
An IR Prestige-21 (Shimadzu) using attenuated total reflectance (ATR) accessory 
equipped with Zinc Selenide (ZnSe) crystal was used to obtain FTIR spectra of the 
composite membrane samples. Before each sample scan, an air background of the 
instrument was run. The frequency range was from 4000-600 cm-1 at a resolution of 4.0 
cm-1 and an average of 120 scans per spectrum were reported.  
3.2.3.2 Scanning electron microscopy (SEM) 
A Scanning Electron Microscope (S-3400N Hitachi, USA) was used to obtain SEM 
images of the synthesized membranes. The SEM was operated under low vacuum mode 
to characterize the samples. Sample gold sputtering was performed for 120 s before it is 
placed into the SEM to make sure no surface charging occurs. Gold sputtering was 
performed using Denton Vacuum Sputtering Automatico Desk IV.  
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3.2.3.3 Atomic force microscopy (AFM) 
AFM imaging and analysis (Digital Instruments, Santa Barbara, CA, US) were utilized to 
characterize membrane surface morphological structure and to determine membrane’s 
quantitative surface roughness, respectively. Topographical images were attained using 
standard tapping mode. A cantilever oscillated sinusoidally at 350 kHz resonant 
frequency, and briefly contacted the sample surface at the down stroke of each sinusoidal 
cycle. A user-established set point force was fixed so that the sample surface was 
minimally deformed and used as a feedback control. Scanned images were taken at 512 x 
512 pixel resolution. Root mean square (RMS) roughness values (Rq) were obtained from 
AFM images that were taken from the average of the values measured from random 
areas. Membrane surface morphology was expressed in terms of several roughness 








where zi is the height or depth of the ith highest or lowest deviation and n is the number of 
discrete profile deviations. Root-mean-square surface roughness (Rq) is another 
roughness parameter and is defined as the root-mean-square (RMS) of the deviations in 










3.2.3.4 Contact angle measurements 
A Goniometer (Digidrop, KSV Instruments) was used to calculate sessile drop contact 
angles of the reverse osmosis membranes. The equilibrium value was average of right 
and left angles of the drop that are calculated from the software fitting. The reported data 
is the average of three measurements for each membrane sample. All angles were 
measured upon immediate release of the drops to avoid errors due to evaporation. 
3.2.3.5 Mechanical Properties 
An Instron 5567 Tensile Testing Machine fitted with a 10 kN load cell was used to 
calculate the mechanical properties of the fabricated membranes. Those mechanical 
properties include the stress strain curves, ultimate tensile strength, elongation at break 
and the Young's modulus. The shape of the membrane sample was used as per ASTM D-
638 standard with gauge length and width of 50 and 10 mm, respectively. Three 
specimens were tested for each membrane and the average value was recorded at a 
crosshead speed of 10 mm/min. The thickness of the membrane samples was measured 
using a micro-caliper and maintained at 0.1 mm for all of the tested samples. All 
specimens were drawn at ambient temperature and the Young’s modulus was calculated 
in triplicate using stress-strain curves, which were instantaneously recorded by a 
computer.  
3.2.3.6 X-ray diffraction Measurements (XRD) 
An X’pert PRO Diffractometer (PANalytical) was used to analyze the structure of the 
synthesized composite membranes. The instrument uses monochromatized CuK α1 
radiation with wavelength of 1.540 Å from a fixed source operated at voltage 40 kV and 
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 Highly Improved Reverse Osmosis Performance of Novel PVA/DGEBA Cross-




Availability of clean water is becoming increasingly scarce in many parts of the world. 
Approximately, 2.3 billion people live in areas that are water-stressed and around one 
billion people worldwide are suffering from the lack of clean water, according to the 
World Health Organization [15]. Another factor that is significantly increasing the 
demand for clean water is the global population increase, now roughly around 80 million 
per year [1-4, 12, 23, 42, 80, 110, 111]. 
Although most of earth’s surface is water, only 2.5% of the water mass is fresh water and 
a small fraction of the available fresh water is easily reachable. This is because most of 
the fresh water is stored as glaciers in the frozen form or collected in water reservoirs 
deep underground [3, 5, 110]. Therefore, tremendous effort is required to extract and 
provide clean, fresh water for the world population. One route to address this problem is 
to use salt water from oceans after subjecting it to a desalination process. Although 
desalination processes are energy intensive and costly, recent developments have opened 
up new opportunities for reducing the energy demands for desalination. 
Recently, Reverse Osmosis (RO) has emerged as one of the predominant desalination 
technologies surpassing conventional thermal technologies, like Multi-Stage Flashing 
(MSF) and Multi-Effect Distillation (MED) [6]. 
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The RO approach is expected to continue to maintain its leadership in the near future. RO 
attracts interests commercially due to its continuous process improvements and 
significant cost reductions. These improvements include developments in new membrane 
materials, modular design, overall process design, water pre-treatment, energy recovery, 
and energy consumption reduction [18, 22, 51, 112]. 
In this research, a novel crosslinked PVA reverse osmosis membranes incorporated with 
Pluronic F-127 and MWCNTs were synthesized using dissolution casting. 
Poly (vinyl alcohol) (PVA) is a water-soluble biodegradable polymer with intrinsic 
hydrophilicity, good film-forming properties and outstanding thermal, mechanical and 
chemical stability. PVA has been one of the best polymers to fabricate membranes with 
high chemical stability, good Chlorine tolerance and excellent fouling resistance. 
Consequently, PVA has been used broadly to synthesize membranes for separation and 
pressure driven processes such as microfiltration, ultrafiltration, reverse osmosis and 
pervaporation [81-87]. Swelling of PVA membranes in aqueous medium is observed due 
to its very high hydrophilicity, which makes it an open structure that affects the 
membrane performance, predominantly the membrane solute rejection. Therefore, 
crosslinking of PVA is needed to balance the hydrophilic-hydrophobic properties of such 
membranes [88-90]. PVA may be crosslinked by using multifunctional compounds, such 
as dicarboxylic acids, dialdehydes and dianhydrides, which could react with the -OH 
groups of PVA [91-96]. 
Polyethylene oxide–polypropylene oxide–polyethylene oxide (PEO–PPO–PEO) triblock 
copolymers are amphiphilic copolymers comprising hydrophilic PEO sections and 
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hydrophobic PPO sections. These copolymers are known as Poloxamers or Pluronics. 
Pluronic F-127 has high molecular weight (Mw 12,600), proper hydrophilic/lipophilic 
balance value (HLB = 22), and high extractability into aqueous phase compared to other 
Poloxamers or Pluronics [113, 114]. It has been reported in literature that the 
incorporation of Pluronic F-127 into PVA thin films enhances the separation performance 
of membranes [114, 115]. Furthermore, it is documented that amphiphilic copolymers 
can alter the diffusion rate of the coagulation solution (mainly water), which increases the 
permeation flux of water through the membrane [114, 116-118].  
Carbon nanotubes (CNTs) have caught the attention of researchers in chemistry and 
material science due to their unique properties such as low density, high aspect ratio, high 
chemical, thermal, and mechanical strengths and remarkable electrical and optical 
properties [119-122]. It has been shown in literature that the incorporation of CNTs into 
polymer membrane matrix made it possible to manipulate membrane properties 
especially through modifying nanotubes resulting in improved permeability and solute 
rejection, decreased fouling tendency, improved hydrophilicity, increased tensile strength 
and electrical conductivity along with controlled pore size, surface chemistry and 
polymer crystallinity [123-128]. 
Many researchers have used PVA as a hydrophilic modifier or as a coating on polymeric 
or ceramic surfaces for many separation applications [69, 81, 100, 101, 111, 129-150]. 
Nevertheless, to the best of our knowledge, no study has been presented on the use of 
crosslinked PVA as an active RO separation layer under typical RO pressure without 
polymeric or ceramic substrates. The crosslinked PVA has been incorporated with 
Pluronic F-127 and Multiwall Carbon Nanotubes (MWCNTs) to counteract common 
44	
	
PVA downsides, mainly swelling and rupture under high pressure. As mentioned before, 
here we used crosslinked PVA membranes incorporated with Pluronic F-127 and 
MWCNTs for RO. The newly synthesized membranes with crosslinked PVA were then 
characterized and analyzed using various techniques like attenuated total reflection 
Fourier transform infrared spectroscopy (ATR-FTIR), contact angle measurements, X-ray 
diffraction (XRD), scanning electron microscopy (SEM), atomic force microscopy 
(AFM) and mechanical testing. The actual reverse osmosis performance of the 
membranes, including permeation testing, salt rejection and Chlorine resistance, was 
analyzed using a dead-end RO permeation unit. 
4.2 Experimental Procedure 
4.2.1 Materials 
Analytical grade PVA (Mw=89000), bisphenol A diglycidyl ether (DGEBA) 
(crosslinker), Pluronic F-127 (average molecular weight: 12.6 kDa), dimethyl sulphoxide 
(DMSO) and sodium hypochlorite (NaClO) were acquired from Sigma Aldrich (St Louis, 
MO, USA). MWCNTs (>99%) produced by chemical vapor deposition followed by HCl 
mineralization, with 12 nm diameter and 10 µm length, were purchased from Aldrich. All 
chemicals were used without further purification. 
4.2.2 Membrane Casting 
4.2.2.1 Crosslinking of PVA with DGEBA 
Various weight percentages of DGEBA crosslinker, as shown in Table 4.1, were mixed 
into PVA solutions, where DMSO was used as a solvent with a 17:83 solute/solvent 
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weight percent ratio. The mixing was performed at 70◦ C for 2 hours with continuous 
stirring until a homogenous, transparent solution was produced. Utilizing the dissolution 
casting method, the solution was then transferred slowly into identical Petri dishes with 
identical amounts of the solution to insure uniformity. Petri dishes were then heated to 
65oC in a controlled evaporation environment to assure uniform film thicknesses of 0.1 
mm, measured by a screw gauge. After complete evaporation, the thin film membranes 
were removed from the Petri dishes with the aid of sharp blades. Five membranes were 
synthesized from each concentration for testing. The resultant dense membranes were 
examined for swelling, permeation and salt rejection to come up with the optimal 
crosslinker weight percent.  As will be demonstrated in the results section, the 0.16 wt% 
of DGEBA provided the optimum membrane properties, thus, the weight percent of 0.16 
was used for further modifications. 
4.2.2.2  Incorporation of Pluronic F127 into the crosslinked PVA membranes 
Various weight percentages of Pluronic F127, as shown in Table 4.1, were blended into 
the solutions of PVA and 0.16 wt% of DGEBA. The solution preparation and the film 
casting method followed the procedure mentioned in the previous section. The resultant 
composite membranes with different weight percentages of Pluronic F127 were 
characterized and evaluated. The overall evaluation of the Pluronic F127 membranes as 
will be detailed later on, showed that 6 wt% of Pluronic F127 was the optimal percentage 




4.2.2.3 Inclusion of MWCNTs within the Pluronic F127 modified PVA membranes 
Five weight percentages of MWCNTs, shown in Table 4.1, were incorporated within the 
solution of crosslinked PVA and 6 wt% of Pluronic F127 to synthesize the thin film nano 
composite membranes. To assure appropriate dispersion of MWCNTs within the solution 
and to avoid agglomeration of the nano tubes, the solution containing PVA, DGEBA, 
Pluronic F127 and the MWCNTs was sonicated at 70◦ C for 2 hours. After sonication, the 






Figure 4.1 Schematic diagram of the crosslinking of PVA with DGEBA and the 









Table 4.1 Weight percentages of DGEBA, Pluronic F127 and MWCNTs in PVA 
solution. 
 Weight Percentages (wt%) 
DGEBA 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 
Pluronic 
F127* 
2 4 6 8 10     
 
MWCNTs** 0.02 0.04 0.06 0.08 0.1      
*with 0.16 wt% DGEBA.  




4.2.3 Membranes Characterization 
4.2.3.1  Fourier Transform Infrared Spectroscopy (FTIR) 
An IR Prestige-21 (Shimadzu) using attenuated total reflectance (ATR) accessory 
equipped with zinc selenide (ZnSe) crystal was used to obtain FTIR spectra of the 
composite membrane samples. Before each sample scan, an air background of the 
instrument was run. The frequency range was from 4000-600 cm-1 at a resolution of 4.0 
cm-1 and average of 120 scans per spectrum were reported.  
4.2.3.2  Contact Angle Measurements  
A Goniometer (Digidrop, KSV Instruments) was used to calculate sessile drop contact 
angle of the reverse osmosis membranes. The equilibrium value was average of right and 
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left angles of the drop that are calculated from the software fitting. The reported data was 
the average of three measurements from different locations for each membrane sample. 
All angles were measured upon immediate release of the drops to avoid errors due to 
evaporation. 
4.2.3.3 X-Ray Diffraction Measurements 
An X’pert PRO Diffractometer (PANalytical) was used to characterize the structure of 
the synthesized composite membranes. The instrument uses monochromatized CuK α1 
radiation with wavelength of 1.540 Å from a fixed source operated at voltage 40 kV and 
current 40 mA. The scanning range was from 4◦ to 80◦. 
4.2.3.4 Scanning Electron Microscopy (SEM) 
A Scanning Electron Microscope (S-3400N Hitachi, USA) was used to attain SEM 
micrographs of the fabricated membranes. The SEM was operated under low vacuum 
mode to analyze the samples. Samples were gold sputtered for 120 s before they were 
placed into the SEM to make sure no surface charging occurs. Gold sputtering was 
performed using Denton Vacuum Sputtering Automatico Desk IV.  
4.2.3.5 Atomic Force microscopy (AFM) 
AFM imaging and analysis (Digital Instruments, Santa Barbara, CA, US) were utilized to 
characterize membrane surface morphological structures and to determine membrane’s 
quantitative surface roughness, respectively. Topographical images were taken using 
standard tapping mode. A cantilever oscillated sinusoidally at 350 kHz resonant 
frequency, and briefly contacted the sample surface at the down stroke of each sinusoidal 
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cycle. A user-established set point force was fixed so that the sample surface was 
minimally deformed and used as a feedback control. Scanned images were taken at 512 x 
512 pixel resolution. The values of root mean square (RMS) roughness were extracted 
from AFM images through the calculation of the average of the values measured in 
random areas. The membrane surface morphology was expressed in terms of various 
roughness parameters, like mean roughness (Ra). It is calculated by the following 







where zi is the height or depth of the ith highest or lowest deviation and n is the number 
of discrete profile deviations. Root-mean-square surface roughness (Rq) is defined as the 
root-mean-square (RMS) of the deviations in height from the profile mean and it is 








4.2.3.6 Mechanical Testing 
Universal Tensile Testing Machine Instron 5567 fitted with a 10 kN load cell was used to 
calculate the mechanical properties of the fabricated membranes. Those mechanical 
properties include the stress strain curves, ultimate tensile strength, elongation at break 
and the Young's modulus. The shape of the membrane sample was used as per ASTM D-
638 standard with gauge length and width of 50 and 10 mm, respectively. Three 
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specimens were tested for each membrane and the average value was recorded at a 
crosshead speed of 10 mm/min. The thickness of the membrane samples was measured 
using a micro-caliper and maintained at 0.1 mm for all of the tested samples. All 
specimens were drawn at ambient temperature and the Young’s modulus was calculated 
in triplicate using stress-strain curves, which were instantaneously recorded by a 
computer.  
4.2.3.7 Permeation and Salt Rejection Testing  
A dead-end filtration system made of stainless steel 316 (HP4750 Stirred Cell, Sterlitech 
Corp., Kent,WA, US), as shown in Figure 4.2, was used to evaluate the permeation 
performance and the salt rejection percentages of the newly synthesized membranes. The 
active surface area of the membrane inside the permeation cell is 14.6 cm2. The feed 
solution was prepared using 3.28 wt% of commercially available natural sea salt and the 
pressure was kept at 800 psi (55.2 bar). The membranes were tested in the RO cell while 
the permeation flux of the membrane was calculated by determining the volume of the 
permeated water through the membrane over a certain period of time. It was calculated 
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where (F) is the permeate flux through the membranes, which is the permeate volume (V) 
per effective area of the membrane (A) per unit time (t). Frequently, water flux unit is 
abbreviated as (LMH). Salt Rejection of the membranes was determined by a salinity 
meter (Traceble VWR, ISO 17025 Accredited). The reported RO experimental results 
were the average values obtained from at least three membrane samples prepared at 
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4.2.3.8 Chlorine Resistance Testing  
It has been reported that there is an equivalent resultant effect when comparing high 
concentration Chlorine exposure for a short period of time to low concentration Chlorine 
exposure for a longer period of time [104, 105]. Thus, it is more convenient to expose the 
membrane surface to a high concentration of Chlorine for a short period of time for 
Chlorine resistance testing. Chlorinated solution (2000 mg/L) was prepared by diluting a 
commercial NaClO solution (free Chlorine content of 10 wt%) with distilled water. The 
pH of the prepared hypochlorite solution was adjusted to 4.0 by HCl (0.1 M) to make it 
more oxidative and harsh environment [106]. To perform the Chlorination experiments, 
water flux and salt rejection performance of the membranes were evaluated using 2000 
mg/L NaCl solution and after that, the membranes were taken out of the test cells, 
washed with distilled water and exposed to 2000 mg/L hypochlorite solution for 2 h at 
pH=4.0 and 25◦ C. After exposure, the Chlorinated membranes were washed thoroughly 
with distilled water and re-loaded in the test cells. The performance of the membranes 
was evaluated again with 2000 mg/L NaCl aqueous solution. 
4.2.3.9 Biofouling Resistance Testing  
Antibacterial test was carried out using Escherichia coli by JIS L 1902–2002 
methodology. Broth (30 mL) was arranged in conical flasks. All flasks were autoclaved 
at 125 °C having a pressure of 15 psi for 30 min. After autoclaving DH5 alpha E. coli 
strain (100µl) was protected in the flasks. The unmodified and modified membranes were 
added in each conical flask. All flasks were nurtured at 35 °C in an incubator for 24 h. 
After nurturing, 600 nm optical density (OD) was observed by a spectrophotometer. 
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4.3 Results and Discussion 
4.3.1 FTIR analysis 
The FTIR analysis is carried out to confirm the proposed interactions between PVA and 
MWCNTs in the presence of constant amount of crosslinker (DGEBA), as shown in 
Figure 4.3. The strong bands at 3303 cm-1 are ascribed to hydrogen bonded -OH groups 
present in PVA [151]. The band at 1236 and 1082 cm-1 are characteristic for C-O-C 
cyclic and acyclic groups of epoxy present in DGEBA, respectively [152]. In addition, 
the band at 838 cm-1 confirmed the characteristic asymmetric vibration of epoxide ring 
[153]. The band at 1141 cm-1 in all spectra ascertained the existence of C-O bond in 
PVA. The band of C=C stretching at 1634 cm-1 confirmed the presence of pristine 





Figure 4.3 ATR-FTIR spectra of pure PVA and MWCNTs modified PVA membranes. 
	
	
4.3.2 Contact Angle Analysis 
The wettability of a solid surface is quantified by contact angle measurements. Typically, 
the surface is considered hydrophilic if the water contact angle is less than 90°. If it is 
more, the surface is hydrophobic [155]. Most of the commercial membranes are made 
from hydrophobic polymers with high thermal, chemical and mechanical stability. Since 
they are hydrophobic, they are susceptible to adsorption by biofoulants. It has been 
reported that membranes with hydrophilic surfaces are less vulnerable to fouling. This 
means that making the surface of the membrane more hydrophilic is a goal to make the 
surface more biofouling resistant and to enhance permeability [41, 73]. A hydrophilic 
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surface forms a thin layer of water on top of the surface due to hydrogen bonding. This 
layer plays an important role in preventing or reducing the adsorption of biofoulants and 
it also enhances the permeability of the membrane [72]. 
4.3.2.1 Effect of Mixing Pluronic F127 on Hydrophilicity 
Figure 4.4 demonstrates the effect of modifying PVA with Pluronic F-127 on the 
hydrophilicity of the membrane surface. It is clear that Pluronic F-127 has a strong 
positive effect on the hydrophilicity of the membrane. Some researchers reported that the 
improvement in hydrophilicity is due to the pores formation, which is a characteristic 
feature of Pluronic F-127 [114, 156-158]. The hydrophilicity enhancement of the 
synthesized crosslinked PVA membranes was optimal with mixing 6 wt% of Pluronic 
F127. When more than 6 wt% was incorporated, the hydrophilicity started to decrease. It 
has been reported that the hydrophilicity reversal when additional amounts of Pluronic F-
127 have been incorporated is due to the fact that the hydrophilic PEO segments of the 
excess amounts start to self-assemble themselves and adhere to the hydrophilic 
membrane surface. As a result, the hydrophobic PPO segments will form loops away 
from the surface facing the water [159]. Therefore, the overall hydrophilicity starts to 
decrease again at some point. Nevertheless, the hydrophilicity of the modified 
membranes was enhanced compared to the pristine PVA membrane, even after the 




Figure 4.4 Effect of Mixing Pluronic F127 on the hydrophilicity of the PVA membrane. 
	
	
4.3.2.2 Effect of Incorporating MWCNTs on Hydrophilicity 
Multi-wall carbon nanotubes (MWCNTs) were introduced into the solution mixture to 
generate some effective nano-channels for improved water flux through the membrane 
and for enhanced mechanical strength and stability of the membrane [160]. Figure 4.5 
shows the effect of the infusion of MWCNTs on the hydrophilicity of the membrane’s 
surface. The curve shows that the hydrophilicity of the membranes surfaces has improved 
with the addition of MWCNTs, as indicated by the decrease in contact angle compared to 
the pure PVA membrane. MWCNTs are highly hydrophobic in nature. Nevertheless, 
some researchers found that the mixing or coating of MWCNTs with PVA improves their 




























groups [161-163]. The contact angle of MWCNTs could go from 150o to 25o after the 
incorporation of PVA on the surface, which is a large modification of the surface 
properties [161-163]. Another explanation of the hydrophilicity improvement is related to 
the interactions between Pluronic F-127 and MWCNTs; The hydrophobic PPO segments 
in Pluronic F-127 get adsorbed into the hydrophobic MWCNTs sidewalls and form a 
coating layer, in which the hydrophilic PEO segments project away from the MWCNTs 
sidewalls in a brush-like structure [164, 165]. As a result, the MWCNTs become 
essentially hydrophilic, which improves the hydrophilicity of the membrane and enhance 
the blending of the MWCNTs within the polymer matrix. The optimal MWCNTs loading 
was 0.04 wt%, after which the hydrophilicity decreases. When more than 0.04 wt% was 
incorporated, the effective wrapping of MWCNTs with the hydrophilic groups may have 
decelerated due to the excess amounts of MWCNTs. Nonetheless, even after the 
hydrophilicity decrease, the incorporation of MWCNTs improved the hydrophilicity of 
the membrane compared to the pristine PVA membrane. This is an excellent 
improvement of the surface properties as enhancing surface hydrophilicity of the 





Figure 4.5 Effect of Mixing MWCNTs on the hydrophilicity of the PVA membrane. 
 
 
4.3.3 X-Ray Diffraction 
The microstructure of the synthesized membranes is characterized by X- ray diffraction. 
Diffraction patterns of the pure PVA and the MWCNTs infused PVA membranes are 
shown in Figure 4.6. The pure PVA XRD curve shows peaks at 11.4◦, 20.02◦, 23.23◦, and 
40.89◦. The peak at 20.02◦ is the strongest and the most obvious. Those are characteristic 
peaks of Pure PVA demonstrating its semi-crystalline structure [141]. After mixing 
DGEBA, Pluronic F127 and MWCNTs with PVA, the strongest Peak for PVA at 20.02◦ 
became wider, which is an effect of DGEBA. Since the hydrogen bonding influence 


























of PVA is reduced, as well. As a result of this crystallinity decrease, the peaks become 
wider to represent the amorphous structure [141]. The XRD pattern of the MWCNTs 
modified PVA membranes shows additional peaks at 22.68◦ and 41.55◦. Those peaks are 












4.3.4 Atomic Force Microscopy (AFM) 
There is a strong correlation between the surface roughness of the RO thin film 
membranes and biofouling [78]. A higher roughness increases the total surface area that 
microorganisms could be attached to, and the ridge-valley configuration enhances the 
accumulation of foulants on the surface. As a consequence, the rougher the membrane 
surface, the more it will be favorable for foulants to attach to the membrane surface [79]. 
An important goal in membrane development is to reduce surface roughness. Figures 4.7 
& 4.8 show the effect of MWCNTs weight percent on the surface roughness of the PVA 
reverse osmosis membranes. The surface roughness decreased dramatically after the 
incorporation of very small amounts of MWCNTs. This could be explained by the fact 
that MWCNTs loading leads to an increase in viscosity of the casting solution which 
obstructs the exchange rate of solvent and non-solvent diffusion during the dissolution 
casting process, and hence, smoother membrane surfaces are formed [123]. Smoother RO 
membrane surfaces are of great interest; this is why this finding is crucial and expected to 













Figure 4.7 3-D AFM images of (a) PVA membranes and PVA modified with (b) 0.02, (c) 










Figure 4.8 Effect of MWCNTs loading on surface roughness of PVA membranes. 
 
4.3.5 Scanning Electron Microscopy (SEM) 
Although RO membranes are often considered as having pore sizes ranging from 1 to 10 
Å, they are assumed to be principally nonporous. These pores are more precisely referred 
to as transient free-volume elements. These elements actually vary in size and location as 
a function of time. Therefore, the solution-diffusion model is used to describe the flow. 
On the other hand, porous membranes, such as ultrafiltration membranes, have permanent 
pores and are governed by a different transport model, which is the pore-flow model [38, 
51]. Pluronic F-127 can serve as a pore forming agent to enhance the porosity of the 
resultant reverse osmosis membranes. The pore forming mechanism is reported in details 





























the resultant membranes, furthermore, it remarkably reduces irreversible fouling due to 
protein adsorption [167, 168]. Figure 4.9, (a) and (b) show SEM images of the pristine 
PVA reverse osmosis membrane and the modified membranes with 6 wt% of Pluronic F-
127. It is very clear from surface morphology images that the incorporation of Pluronic 
F-127 resulted in pores formation. The pristine PVA membrane surfaces are dense, flat 
and smooth. The surface morphology has changed dramatically with the incorporation of 
Pluronic F-172. Manifold pores ranging in size from 1 um to 10 um are clearly noticeable 
on the surface. As mentioned earlier, the MWCNTs modified membranes already have 
Pluronic F-127 incorporated in them. Thus, it is expected that the morphological surface 
images will contain some pores because of that. Figure 4.9, (c-g), shows the SEM images 
of MWCNTs modified PVA membranes. The pores again are clearly visible, but there 























Figure 4.9 SEM images of (a) pristine PVA, (b) PVA with Pluronic F127 and (c) PVA 
modified with 0.02, (d) 0.04, (e) 0.06, (f) 0.08 and (g) 0.1 wt% MWCNTs.     
  
	
4.3.6 Mechanical Properties 
MWCNTs are allotropes of carbon, which are one-dimensional nano-materials. The 
unique carbon nanotube structure offers the MWCNTs with unique physical and 
chemical properties. The Carbon covalent bond that is the backbone of the carbon 
nanotubes is exceptionally strong; that is why carbon nanotubes have unique mechanical 
properties. MWCNTs are excellent fillers for reinforcement purposes [169-171]. Figures 
4.10 & 4.11 show the stress-strain curves and the Young’s modulus values for PVA RO 
membranes modified with different weight percentages of MWCNTs, respectively. The 
figures show that as the amount of MWCNTs increased the overall strength and ductility 
of the membrane improved. The yield strength of all of the tested membranes was around 
20 MPa. The ductility of the resultant membranes was too high, almost 150%. Young’s 
modulus increased slightly as the amount of MWCNTs increased. A very slight decrease 
in stiffness was observed when more the 0.06 wt% MWCNTs was incorporated.  This 
effect could be attributed to the agglomeration of MWCNTs at high loadings [87]. These 
results illustrate that the synthesized PVA modified membranes are certainly 
mechanically stable. Practically, the membranes withstood the very high reverse osmosis 
pressure of 800 Psi without the need of a supportive layer or a substrate. This is an 
exceptional outcome, as the utilization of the membrane without a substrate eliminates 
unfavorable consequences, such as internal concentration polarization that may cause an 



































Figure 4.11 Effect of MWCNTs wt% on Young’s modulus of the membranes.                                                                 
 
 
4.3.7 Permeate Flux and Salt Rejection 
4.3.7.1 Separation performance of DGEBA crosslinked PVA membranes 
Figure 4.12 shows the permeation flux and the salt rejection percentages of the PVA 
crosslinked membranes with DGEBA. As the mount of the crosslinker increases, the salt 
rejection improves. This is a direct effect of polymer chains crosslinking of PVA with 
DGEBA. Characteristically, crosslinking of polymer chains generates tighter and denser 
structures as those polymer chains would interweave and form larger networks [88]. 
Those more complex structures will impede the free passage of salt molecules across the 






















increases. The reason is understandably the same. Those larger, tighter and denser 
networks will affect the flow of water molecules as well. At this stage, the synthesis of 
highly selective membranes is more significant since the purpose of the subsequent 
incorporation of Pluronic F127 is to enhance the permeation and the water flux through 
the membrane. Hence, the optimal wt% of the crosslinker is the one that produces 
optimal salt rejection. Figure 4.12 shows that the DGEBA wt% of 0.16 created the 
membrane with the optimal salt rejection. This specific weight percentage will be added 
to all of the PVA membranes for further modifications to enhance the permeability. 
 









































4.3.7.2 Separation performance of PVA membranes incorporated with Pluronic F127 
Pluronic F-127 was added to the solution with different weight percentages to investigate 
the effect on hydrophilicity and overall performance. Figure 4.13 illustrates the effect of 
the incorporation of Pluronic F-127 on the water flux through the reverse osmosis 
membrane after five hours of operation. It is clear from the curve that the addition of 
Pluronic F-127 enhanced the permeation greatly. Part of this is due to the hydrophilic 
nature of the membrane surface after the incorporation of the hydrophilic groups; the 
other part is evidently due to the pore formation, which is a characteristic of Pluronic F-
127 as has been reported elsewhere [114, 156-158, 172]. The curves show that as the 
amount of the added Pluronic F-127 increases, the water flux increases. Interestingly, the 
salt rejection declines after the addition of 6 wt%. This could be attributed to the pores, as 
forming more and more pores with bigger sizes will allow more salt molecules to pass 
through. Consequently, the Pluronic F-127 wt% of 6 was selected as optimal weight 








4.3.7.3 Effect of MWCNTs infusion on PVA membranes separation performance 
Multi-wall carbon nanotubes (MWCNTs) were introduced into the solution mixture to 
generate some effective nano-channels for higher water flux and improved mechanical 
strength [160]. Figure 4.14 shows the effect of the addition of different weight 
percentages of MWCNTs on the water flux through the membrane. The water flux almost 
doubled after the addition of just a small amount of MWCNTs. These results match what 
was reported earlier that the incorporation of MWCNTs with PVA makes it remarkably 
more hydrophilic. That increase in hydrophilicity is the reason why the permeation gets 
improved vastly. Another explanation for this improvement of permeability is related to 
the stiffness and the mechanical strength of the synthesized membrane. Permeation 
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studies are performed under very high pressure, in the order of 800 Psi. Due to the 
exposure of this very high pressure, the membrane is deformed and the internal pores are 
deformed as well. As a result of this deformation, some pores get blocked or severely 
damaged, which negatively affect the permeation of the membrane. Thus, the higher the 
mechanical strength and stiffness of the membrane material the better the permeation 
performance will be. Figure 4.11 showed that the stiffness of the membrane increased 
with the addition of MWCNTs. There was a slight decline when more than 0.06 wt% is 
infused. This behavior clearly matches the permeation behavior as it is obvious that there 
was a slight decrease in water flux when more than 0.06 wt% was incorporated. The 
maximum permeate flux in this study was around 140 LMH. This flux is much higher 
than typical permeate flux of commercially available Polyamide RO membranes. For 
instance, SW30HR, a polyamide RO membrane from DOW FILMTEC, has a permeate 
flux of 27 LMH under the same operating conditions used in this study [173].     
As reported earlier, the incorporation of MWCNTs into polymeric membranes enhances 
the separation performance and selectivity of the membrane. Figure 4.14, also, shows the 
effect of incorporating MWCNTs on the selectivity of the synthesized membranes. It is 
clear that infusing small amounts of MWCNTs into the polymer membrane matrix 
enhanced the selectivity enormously compared to unmodified membranes. The salt 
rejection improved from around 50% to 92% with the addition of .08 wt% MWCNTs. 
Incorporating MWCNTs into PVA membranes led to structural compactness of the 
membranes due to the strong interactions between MWCNTs and PVA matrix, resulting 
in a network structure [128, 174, 175]. This network structure hindered the free passage 
of salt molecules across the membrane, which improved the selectivity [128, 176]. This is 
73	
	
an excellent result as it is usually a tradeoff between permeability and selectivity; 



















































4.3.8 Effect of MWCNTs Infusion on Membrane’s Chlorine Resistance 
Figure 4.15 shows the comparison between the modified MWCNTs composite RO 
membranes with unmodified (PVA/DGEBA/PluronicF-127) ones. Without MWCNTs, 
the membrane shows poor Chlorine resistance as the salt rejection decreased from 54 to 
40%, a 26% decrease in salt rejection efficiency. This indicates that the membrane 
surface has been affected greatly by the harsh environment caused by the presence of 
high concentration of Chlorine. On the other hand, once MWCNTs have been infused, 
the decline in salt rejection became negligible. The figure shows that the addition of 0.08 
and 0.1 wt% MWCNTs provided a more chemically stable membrane as it became more 
Chlorine resistant. The improvement of Chlorine resistance upon incorporation of 
MWCNTs is due to the physical crosslinking effect of MWCNT that enhances the 
mechanical strength of the membrane, as well as reduces the degradation of the polymer 
by reducing the sites where Chlorine atoms could be attached to [177, 178].   
Existing commercially available Polyamide (PA) RO membranes are severely affected by 
exposure to even lower levels of Chlorine than those used in the present study [179, 180]. 
The decrease of salt rejection of a typical commercially available PA membrane 
(SW30HR, Dow FilmTec) is more than 25% in less harsh conditions [179, 180]. In this 
research, the synthesized modified PVA membranes had a much better Chlorine 
resistance compared to commercial RO membranes. Chlorine resistance is a very 
important membrane property since it diminishes the need for the de-Chlorination 
process that is needed to protect the membrane material from the attack of Chlorine used 




Figure 4.15 Effect of MWCNTs wt% on salt rejection before and after Chlorination. 
	
	
4.3.9 Effect of MWCNTs Infusion on Membrane’s Biofouling Resistance 
The antibacterial activity of E. coli by JIS L 1902–2002 methodology was analyzed. It 
was noticed that conical flasks that contains unmodified membrane appeared muddled 
which show the bacterial growth while MWCNTs modified membranes displayed a clear 
transparent solution. The optical density (OD) noted for the unmodified and modified 
membranes are shown in Figure 4.16. The OD of MWCNTs modified membranes 
indicated that there was slight bacterial growth. The unmodified membrane, with 1.442 of 
OD, indicated the induction of E.coli on the membrane surface. It was concluded that 
modified membranes effectively restricted the bacterial growth. After the incorporation 
of MWCNTs into the membranes, most of the E. coli cells no longer have their cellular 
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integrity and became more rigid indicating irreversible cell death and/or cell damage. 
According to OD result, the bacterial attachment has been reduced by up to 80% with the 
incorporation of MWCNTs. This is a great improvement of the membrane surface, as 
enhancing biofouling and Chlorine resistance will extend the membrane life and maintain 




Figure 4.16 Relative amount and viability of E.coli cells adhering onto pristine and 






The purpose of the current research was to investigate the effect of incorporating Pluronic 
F127 and MWCNTs into DGEBA crosslinked PVA membranes on the overall reverse 
osmosis performance. The uniqueness of this work is that the PVA polymer matrix is 
utilized as an active RO layer without the use of any polymeric or ceramic substrate. 
Although PVA possesses excellent separation and film forming properties, researchers 
tend to avoid using PVA as an active layer in RO applications because of PVA swelling 
effect and the membrane collapse under a very high pressure for RO applications. 
Instead, they utilize PVA as a modifier. We succeeded to fabricate an RO membrane 
utilizing PVA as an active layer that overcame those issues through appropriate 
crosslinking and through incorporating Pluronic F127 and MWCNTs. 
Crosslinked PVA membranes were prepared using dissolution casting method and 
MWCNTs were incorporated in the PVA polymer matrix by dispersion. The 
incorporation of Pluronic F127 and MWCNTs improved the overall RO performance of 
the membrane in terms of hydrophilicity, surface roughness, water permeability, salt 
rejection, Chlorine resistance and biofouling resistance. Figure 4.17 shows a target plot 
that determines which RO membrane has the optimal performance. The membrane 
properties and performance were ranked from level 1, the innermost loop on the target, to 
level 10, the outermost loop; level 10 indicates ideal properties. The target plot clearly 
illustrates that the incorporation of MWCNTs improved the overall performance vastly. 
From the plot, the membranes that contain 0.08 and 0.1 wt% MWCNTs provided optimal 
salt rejection, Chlorine and biofouling resistance and mechanical strength. Although the 
permeation of these two membranes is not the best, they relatively have an excellent 
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water flux.    
 
 
Figure 4.17 Target plot comparing RO performance properties for unmodified and 



































 Conjugation of Vanillin and Pluronic F-127 With Novel PVA/DGEBA Cross-linked 
Thin Film Membranes For Reverse Osmosis Performance Enhancement 
 
5.1 Introduction 
Global water scarcity is increasingly becoming the most critical problem affecting people 
around the world. Coupling this with the exponential growth in population and economy 
yields a recipe for calamitous fresh water dearth. Global demand of fresh water is 
anticipated to jump from 4500 billion m3 to 6900 billion m3 by 2030 [5, 43]. 
Only 2.5% of earth’s surface, which is predominantly covered with water, is fresh water 
and a small amount of the fresh water is easily accessible. The reason is the fact that most 
of the fresh water is accumulated as glaciers or is very deep underground [3, 5, 110]. 
With this substantial increase in fresh water demand, an effort to develop desalination 
technologies is necessary.  
Reverse Osmosis (RO) is the predominant desalination technology nowadays. It is 
becoming the major desalination technology over conventional thermal technologies, like 
Multi-Stage Flashing (MSF) and Multi-Effect Distillation (MED). Due to desalination 
process developments and major cost and energy reductions, RO processes attract 
interests commercially [18, 22, 51, 112]. Membrane fouling causes a cutback in 
performance of reverse osmosis (RO) membranes, which is a major concern. Due to 
fouling, the membranes need to be chemically cleaned and treated frequently. This 
eventually abridges the membranes life, which will increase the cost of the overall 
reverse osmosis process [52, 61]. Most of the foulants, other than bio-foulants, can be 
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removed or their effect can be minimized to some extent by pretreatment.  Biofouling, on 
the other hand, is different. Membrane biofouling is defined as the buildup of microbial 
layers on the surface or within the pores of the membrane. These micro-organisms such 
as bacteria, algae and fungi are pseudo particles, which means that even if pre-treatment 
gets rid of 99.99% of them, the remaining 0.01% can grow, multiply or even relocate. 
Therefor, it has been found that biofouling occurs even after feed water pretreatment and 
after the addition of disinfectants [42, 48, 51-55]. Micro-organisms can withstand 
extreme conditions like temperatures ranging from -12ºC to 110ºC and pH values 
between 0.5 and 13. The attached microorganisms embed, and form biofilms. This means 
that the originally dissolved species are now locally restrained and transformed from 
solution into a semisolid form [52, 53, 56, 57]. The development of a biofilm on the 
surface of the membrane causes several undesirable consequences on the RO process, 
such as flux decline, operating pressure increase, membrane bio-degradation and loss of 
salt rejection [64, 65]. 
In this study, novel crosslinked PVA reverse osmosis membranes infused with Pluronic 
F-127 and Vanillin were synthesized using dissolution casting methodology. 
Poly (vinyl alcohol) (PVA) has been utilized extensively in applications related to water 
purification, since it possesses superb properties, such as water-solubility, 
biodegradability, intrinsic hydrophilicity, good film-forming properties, good Chlorine 
tolerance, excellent fouling resistance and exceptional thermal, mechanical and chemical 
stability [81-87]. Due to its very high hydrophilicity, swelling of PVA membranes is 
expected and it leads to an open structure that is not favorable, as the membrane will lose 
its selectivity. To solve such a problem, crosslinking of PVA is performed to generate a 
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membrane that has balanced permeability and selectivity [91-96]. 
Poloxamers or Pluronics are triblock amphiphilic copolymers comprising polyethylene 
oxide–polypropylene oxide–polyethylene oxide (PEO–PPO–PEO) as a monomer. Thus, 
the copolymer contains hydrophilic PEO segments and hydrophobic PPO segments. 
Compared to other Poloxamers and Pluronics, Pluronic F-127 (Mw 12,600) has a great 
hydrophilic/lipophilic balance value (HLB = 22), and better extractability into aqueous 
phase [113, 114]. Many researchers reported that the inclusion of Pluronic F-127 into 
PVA thin films improves the permeability and selectivity performance of the membrane. 
It is also used as a pore-forming agent [114-118].   
Vanillin (4-hydroxy-3-methoxy-benzaldehyde) is the major constituent of Vanilla 
planifolia (Vanilla). It is used extensively in food industry as a natural flavoring agent. It 
has been reported that Vanillin has excellent antimicrobial properties [182, 183]. Many 
researchers proved that the incorporation of Vanillin into membrane systems enhanced 
biofouling resistance vastly [182, 184, 185]. 
PVA has been used by many investigators as a surface modifier to improve surface 
hydrophilicity or as a coating on polymeric or ceramic surfaces for many separation 
applications [69, 100, 101, 129-131, 133-136, 139, 141, 142, 144-150, 186]. To the best 
of our knowledge, no research has been presented on the utilization of crosslinked PVA 
incorporated with Pluronic F-127 and Vanillin as an active layer in reverse osmosis for 
seawater desalination without the use of polymeric or ceramic substrates. The crosslinked 
PVA has been conjugated with Pluronic F-127 and Vanillin to mitigate common PVA 
limitations, mainly swelling and rupture under high pressure. 
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In this research, a novel crosslinked PVA reverse osmosis membranes incorporated with 
Pluronic F-127 and Vanillin were fabricated using dissolution casting method. The 
fabricated membranes were then characterized and analyzed using various techniques like 
attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR), contact 
angle measurements, X-ray diffraction (XRD), scanning electron microscope (SEM), 
atomic force microscope (AFM) and mechanical testing. The actual reverse osmosis 
performance of the membranes, including permeation testing, salt rejection and Chlorine 
resistance was examined using a reverse osmosis permeation unit. 
5.2 Experimental Procedure 
5.2.1 Materials 
Analytical grade PVA (Mw=89000), bisphenol A diglycidyl ether (DGEBA) 
(crosslinker), Pluronic F-127 (average molecular weight: 12.6 kDa), dimethyl sulphoxide 
(DMSO), sodium hypochlorite (NaClO) and Vanillin (C8H8O3) were acquired from 
Sigma Aldrich (St Louis, MO, USA).  All the chemicals were used without further 
purification. 
5.2.2 Membrane Casting 
5.2.2.1 Crosslinking of PVA with DGEBA  
Several weight percentages of DGEBA (crosslinker), as shown in Table 5.1, were 
incorporated into PVA solution, where DMSO was used as a solvent with a 17:83 
solute/solvent weight percent ratio. The mixing was performed at 70oC for 2 hours with 
continuous stirring until a homogenous, transparent solution was produced. The solution 
was then transferred slowly into identical Petri dishes with identical amounts of the 
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solution to insure uniformity, following the dissolution casting method. The Petri dishes 
are then heated to 65oC in a controlled evaporation environment to assure uniform film 
thicknesses of 0.1 mm, measured by a screw gauge. After complete evaporation, the thin 
film membranes are removed from the Petri dishes with the aid of sharp blades. Five 
membranes are synthesized form each concentration for testing. The resultant dense 
membranes are examined for swelling, permeation and salt rejection to come up with the 
optimal crosslinker weight percent.  As will be demonstrated in the results section, the 
0.16 wt% of DGEBA provided the optimum membrane properties; thus, the weight 
percent of 0.16 will be used for further modifications. 
5.2.2.2 Incorporation of Pluronic F-127 into the crosslinked PVA membranes 
Various weight percentages of Pluronic F-127, as shown in Table 5.1, were incorporated 
into the solutions of PVA and 0.16 wt% of DGEBA. The solution preparation and the 
film casting method followed the procedure mentioned in the previous section. As 
previously done with the crosslinked PVA membranes, the resultant composite 
membranes with different weight percentages of Pluronic F-127 were characterized and 
evaluated. The overall evaluation of the Pluronic F-127 membranes, as will be detailed 
later on, yielded that 6 wt% of Pluronic F-127 is the optimal percentage and will be used 
for further modifications. Figure 5.1 shows a scheme of the chemical reaction. 
5.2.2.3 Conjugation of Vanillin with the Pluronic F-127 modified PVA membranes 
Five weight percentages of Vanillin, shown in Table 5.1, were conjugated to the solution 
of crosslinked PVA and 6 wt% of Pluronic F-127 to synthesize the thin film composite 
membranes. Vanillin was infused into the solution at 60oC for 2 hours with continuous 
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stirring until it dissolves completely and a homogeneous solution is formed. The 
membrane casting followed the abovementioned dissolution casting method.  
 
Table 5.1 Weight percentages of DGEBA, Pluronic F-127 and Vanillin in PVA solution. 
 Weight Percentages (wt%) 
DGEBA 
  0.02         0.04        0.06        0.08         0.1       0.12       0.14       0.16        
0.18         0.2 
Pluronic F-
127* 
    2           4            6             8            10 
Vanillin**   0.01             0.03            0.05             0.07            0.09 
Labels PVA-V1    PVA-V2     PVA-V3      PVA-V4      PVA-V5 
*with 0.16 wt% DGEBA.  




Figure 5.1 Schematic diagram of the crosslinking of PVA with DGEBA and the 
intermolecular hydrogen bonding with Pluronic F-127. 
 
 
5.2.3 Membranes Characterization 
5.2.3.1 Fourier Transform Infrared Spectroscopy (FTIR) 
An IR Prestige-21 (Shimadzu) using attenuated total reflectance (ATR) accessory 
equipped with zinc selenide (ZnSe) crystal was used to obtain FTIR spectra of the 
composite membrane samples. Before each sample scan, an air background of the 
instrument was run. The frequency range was from 4000-600 cm-1 at a resolution of 4.0 
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cm-1 and average of 120 scans per spectrum were reported.  
5.2.3.2 Contact Angle Measurements  
A Goniometer (Digidrop, KSV Instruments) was used to calculate sessile drop contact 
angles of the reverse osmosis membranes. The equilibrium value was average of right 
and left angles of the drop that are calculated from the software fitting. The reported data 
is the average of three measurements for each membrane sample. 
5.2.3.3 X-Ray Diffraction Measurements  
An X’pert PRO Diffractometer (PANalytical) was used to analyze the structure of the 
synthesized composite membranes. The instrument uses monochromatized CuK α1 
radiation with wavelength of 1.540 Å from a fixed source operated at voltage 40 kV and 
current 40 mA. The scanning range was from 4◦ to 80◦.  
5.2.3.4 Scanning Electron Microscopy (SEM) 
A Scanning Electron Microscope (S-3400N Hitachi, USA) was used to obtain SEM 
images of the synthesized membranes. The SEM was operated under low vacuum mode 
to characterize the samples. Sample gold sputtering was performed for 120 s before it is 
placed into the SEM to make sure no surface charging occurs. Gold sputtering was 
performed using Denton Vacuum Sputtering Automatico Desk IV.  
5.2.3.5 Atomic Force microscopy (AFM) 
AFM imaging and analysis (Digital Instruments, Santa Barbara, CA, US) were utilized to 
characterize membrane surface morphological structure and to determine membrane’s 
quantitative surface roughness, respectively. Topographical images were attained using 
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standard tapping mode. A cantilever oscillated sinusoidally at 350 kHz resonant 
frequency, and briefly contacted the sample surface at the down stroke of each sinusoidal 
cycle. A user-established set point force was fixed so that the sample surface was 
minimally deformed and used as a feedback control. Scanned images were taken at 512 x 
512 pixel resolution. Root mean square (RMS) roughness values were obtained from 
AFM images that were taken from the average of the values measured in random areas. 
The membrane surface morphology was expressed in terms of various roughness 








where zi is the height or depth of the ith highest or lowest deviation and n is the number of 
discrete profile deviations. Root-mean-square surface roughness (Rq) is defined as the 
root-mean-square (RMS) of the deviations in height from the profile mean and it is 








5.2.3.6 Mechanical Testing 
An Instron 5567 Tensile Testing Machine fitted with a 10 kN load cell was used to 
calculate the mechanical properties of the fabricated membranes. Those mechanical 
properties include the stress strain curves, ultimate tensile strength, elongation at break 
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and the Young's modulus. The shape of the membrane sample was used as per ASTM D-
638 standard with gauge length and width of 50 and 10 mm, respectively. Three 
specimens were tested for each membrane and the average value was recorded at a 
crosshead speed of 10 mm/min. The thickness of the membrane samples was measured 
using a micro-caliper and maintained at ~0.1 mm for all of the tested samples. All 
specimens were drawn at ambient temperature and the Young’s modulus was calculated 
in triplicate using stress-strain curves, which were instantaneously recorded by a 
computer.  
5.2.3.7 Permeation and Salt Rejection Testing  
A dead-end filtration system made of stainless steel 316 (HP4750 Stirred Cell, Sterlitech 
Corp., Kent, WA, US), as shown in Figure 5.2, was used to evaluate the permeation 
performance and the salt rejection percentages of the newly synthesized membranes. The 
active surface area of the membrane inside the permeation cell is 14.6 cm2. The feed 
solution was prepared using 3.28 wt% of commercially available natural sea salt and the 
pressure was kept at 800 psi (55.2 bar). The salinity of the feed solution and the applied 
pressure were chosen to imitate the average seawater salinity and the typical applied 
pressure at RO plants, respectively. The membranes were tested in the reverse osmosis 
cell while the permeation flux of the membrane was determined by measuring the volume 
of the permeated water through the membrane over a certain period of time. It was 
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where F is the permeate flux through the membranes per effective area of the membrane 
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(A) per unit time (t). Frequently, water flux unit is abbreviated as (LMH). Salt rejection of 
the membranes was determined by a salinity meter (TRACEABLE VWR, ISO 17025 
Accredited). The reported RO experimental results were the average values obtained 
from at least three membrane samples prepared at different times after 8 hours of 

















5.2.3.8 Biofouling Resistance Testing 
Diffusion Inhibition Zone (DIZ) method was conducted to examine the antimicrobial 
performance of the modified membranes. DIZ test was performed by following the 
Clinical Laboratory Standards Institute (CLSI) document M2-A9 26:1 [107]. 100 µL 
bacterial inoculums were spread on the agar plates. Modified membranes were then 
placed in the plates and incubated for 24 hour maintaining the temperature at 30°C for the 
cultivation of model bacteria Bacillus Subtilis. The produced diffusion inhibition zones 
around the modified membranes were defined visually [102].  
5.2.3.9 Chlorine Resistance Testing 
It has been reported that the exposure to high concentration Chlorine for a short period of 
time is equivalent to the exposure to low concentration Chlorine for a longer period of 
time [104, 105]. Therefore, for lab testing purposes, it is more appropriate to expose 
membrane surfaces to high concentration of Chlorine for a short period of time for 
Chlorine resistance testing. Chlorinated solution (2000 mg/L) was prepared by diluting a 
commercial NaClO solution (free Chlorine content of 10 wt%) with distilled water. The 
pH of the prepared hypochlorite solution was adjusted to 4.0 by HCl (0.1 M) to make it 
more oxidative and harsh environment [106]. To perform the Chlorination experiments, 
water flux and salt rejection performance of the membranes were evaluated using 2000 
mg/L NaCl solution and after that, the membranes were taken out of the test cells, 
washed with distilled water and exposed to 2000 mg/L hypochlorite solution for 2 h at 
pH=4.0 and 25◦ C. After exposure, the Chlorinated membranes were washed thoroughly 
with distilled water and reloaded in the test cells. The performance of the membranes was 
evaluated again with 2000 mg/L NaCl aqueous solution. 
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5.3 Results and Discussion 
5.3.1 FTIR Analysis 
FTIR analysis of the prepared films was conducted to confirm the existence of functional 
groups and all used ingredients, as shown in Figure 5.3. There is a strong and broad band 
at 3302 cm-1, which is assigned to the hydroxyl group –OH presented in PVA and 
Vanillin. The band at 2977-2860 cm-1 is due to the symmetric and asymmetric vibration 
of the C-H of alkyl groups in PVA and DGEBA [151, 187]. The band at 1137 cm-1 is 
assigned to the C-O group in the PVA [188], while the bands at 1680 and 1584 cm-1 are 
attributed to the C=O of Vanillin and C=C of the aromatic ring present in Vanillin and 
DGEBA, respectively [189]. The band in the region of 1300-1200 cm-1 is assigned to C-
O-C acyclic and epoxide group, while the band at 1089 cm-1 is associated with C-O-C 
cyclic group present in DGEBA [190, 191]. The –OH bending vibration is cleared at 656 





Figure 5.3 ATR-FTIR spectra of pure PVA and the PVA modified membranes with 
different wt% of Vanillin. 
 
5.3.2 Contact Angle Analysis 
Contact angle measurement is a tool that is used to quantify the wettability and the 
hydrophilicity/hydrophobicity of a solid surface [155]. Commercially available RO 
membranes are basically hydrophobic which makes them susceptible to adsorption by 
biofoulants. It has been reported that membranes with hydrophilic surfaces are less prone 
to fouling [41, 73]. Therefore, the synthesis of membranes with hydrophilic surfaces is 
favorable for fabricating biofouling resistant membranes. A thin layer of water is formed 
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on top of hydrophilic surfaces. This layer is important since it prevents or reduces the 
adsorption of biofoulants and it also enhances the permeability of the membrane [72]. 
5.3.2.1 Effect of Mixing Pluronic F-127 on Hydrophilicity 
Figure 5.4 shows the effect of incorporating Pluronic F-127 on the surface contact angle. 
It is clear that Pluronic F-127 has a strong positive effect on the hydrophilicity of the 
membrane. It has been reported that the improvement in hydrophilicity is due to pores 
formation, which is a characteristic feature of Pluronic F-127 [114, 156-158]. Besides, it 
has been reported that Pluronic F-127 forms micelles when it is incorporated into the 
casting solution. The hydrophobic PPO segments amalgamate closer to the center of the 
micelle (core), whereas the hydrophilic PEO segments create the external layers of the 
micelle (corona) [156, 158, 159, 192]. Since the outer surface of the Pluronic F-127 
micelle is hydrophilic, the overall hydrophilicity of the membrane improves. The 
hydrophilicity enhancement of the synthesized crosslinked PVA membranes was optimal 
with mixing 6 wt% of Pluronic F-127. A hydrophilicity decay was noticed when more 
than 6 wt% was incorporated. It has been reported elsewhere that the hydrophilicity 
reversal when additional amounts of Pluronic F-127 have been incorporated is due to the 
fact that the hydrophilic PEO segments of the excess amounts start to self-assemble 
themselves and adhere to the hydrophilic membrane surface due to the 
hydrophilic/hydrophilic interactions. As a consequence, the hydrophobic PPO segments 
will form loops away from the surface facing the feed solution [159]. Consequently, the 
overall hydrophilicity starts to decline after the initial enhancement. Nonetheless, even 
after the reversal of hydrophilicity, the modified membranes had better hydrophilicity 




Figure 5.4 Effect of mixing Pluronic F-127 on the hydrophilicity of the PVA membrane. 
	
	
5.3.2.2 Effect of Vanillin Conjugation on Hydrophilicity 
Figure 5.5 demonstrates the effect of incorporating Vanillin into the membrane matrix on 
the hydrophilicity of the membrane surface. The curve shows reduction in the water 
contact angle, which indicates that the conjugation of Vanillin made the surface more 
hydrophilic. Vanillin is hydrophilic in nature and contains –OH groups amply [193, 194]. 
Thus, the mixing of Vanillin with the highly hydrophilic PVA was expected to improve 



























Figure 5.5 Effect of mixing Vanillin on the hydrophilicity of the PVA membrane. 
 
 
5.3.3 X-Ray Diffraction 
X-ray diffraction characterizes the microstructure of the synthesized membranes. 
Diffraction patterns of the pure PVA and the PVA membranes conjugated with Vanillin 
are shown in Figure 5.6. The pure PVA curve displays peaks at 11.4◦, 20.02◦, 23.23◦, and 
40.89◦. The peak at 20.02◦ is the strongest and the sharpest. Those peaks are 
characteristic peaks of Pure PVA showing its semi-crystalline structure [141]. After 
mixing DGEBA, Pluronic F-127 and Vanillin with PVA, the strongest Peak for PVA at 
20.02◦ becomes a little wider, which is an effect of DGEBA crosslinking. Since the 
hydrogen bonding influence within PVA molecules reduces as a result of crosslinking 




























result of this crystallinity decrease to represent the amorphous structure [141]. Crystalline 
Vanillin has a sharp characteristic peak at 13◦. The absence of this peak in the XRD 
pattern indicates that there is a good miscibility between Vanillin and PVA. Furthermore, 
the new peak at 5.2◦ implies that there are intermolecular interactions between vanillin 
and PVA [195, 196]. 
 
 









5.3.4 Atomic Force Microscopy (AFM) 
Surface roughness has a strong effect on biofouling inhibition [78]. If the membrane 
surface becomes increasingly rougher, the total surface area that microorganisms could 
be adhered to will increase. Furthermore, the ridge-valley pattern, which is a 
characteristic of rough surfaces, enhances the buildup of foulants on the surface [79]. 
Figures 5.7 & 5.8 show the effect of Vanillin weight percent on the surface roughness of 
the PVA reverse osmosis membranes. The surface roughness decreased considerably 
after the incorporation of very small amounts of Vanillin. That excellent effect on surface 
roughness is explained by the fact that conjugating Vanillin with PVA causes an increase 
in viscosity of the casting solution. This increase in viscosity impedes the exchange rate 
of solvent/solute diffusion during dissolution casting process and that will lead to the 
formation of smooth membrane surfaces [123, 197]. The small increase in surface 
roughness with the inclusion of larger amounts of Vanillin could be due to the fact that 
the excess amount of Vanillin will adhere to the surface and form the unwanted ridge-
valley structure that increase the surface roughness. That effect could be seen from 
surface morphology images taken by SEM, which will be discussed in the following 
section. Nevertheless, even with the abovementioned effect, the surface roughness has 
improved overall with the conjugation of Vanillin. This result is excellent because, as 
mentioned earlier, reducing the surface roughness of the membrane leads to improved 










Figure 5.7 3-D AFM images of (a) pristine PVA membrane, (b) PVA-V1, (c) PVA-V2, 








Figure 5.8 Effect of Vanillin loading on surface roughness of PVA membranes. 
	
	
5.3.5 Scanning Electron Microscopy (SEM) 
Reverse osmosis membranes are considered as dense membranes since the pore size is 
ranging from 1 to 10 Å, which is basically the size of a free volume rather than a pore 
[38, 51]. It has been reported that Pluronic F-127 is a pore-forming agent that increases 
the pore size and porosity of the resultant reverse osmosis membranes [167, 168]. Figure 
5.9, (a) and (b) show SEM images of the Pristine PVA reverse osmosis membrane and 
the modified membranes with 6 wt% of Pluronic F-127, respectively. It is very clear from 
surface morphology images that the incorporation of Pluronic F-127 resulted in large 
pores formation. The surface morphology has changed noticeably with the inclusion of 





























Figure 5.9, (c-g), show the SEM images of Vanillin modified PVA membranes. It is clear 
from the images that as the amount of Vanillin increases, the pores sizes and the overall 
porosity decrease. Furthermore, excess amounts of Vanillin are visible when more than 
0.5 wt% is incorporated. An explanation to this behavior is that Vanillin particles inhabit 
the pores that have been formed by the incorporation of Pluronic F-127. When those 
pores are packed, excess amounts of Vanillin will agglomerate and adhere to the 

















Figure 5.9 SEM images of (a) pristine PVA membrane, (b) PVA with Pluronic F-127 (c) 










5.3.6 Mechanical Properties 
Figures 5.10 & 5.11 show the stress-strain curves and the Young’s modulus values for the 
modified PVA RO membranes with different weight percentages of Vanillin. The stress-
strain curves show that as the amount of Vanillin increases the yield and tensile strengths 
of the modified membranes are almost doubled. The maximum yield strength of 27 MPa 
has been reached when maximum loading of Vanillin was conjugated, PVA-V5. The 
ductility of the resultant membranes was around 150%, which is too high. The 
membranes stiffness, represented by the Young’s modulus, has improved with the 
conjugation of Vanillin. For PVA-V5, the stiffness of the membrane improved by 77%. 
The conjugation of Vanillin into the PVA matrix acts like a crosslinking agent that forms 
denser network structure. That dense structure will hinder internal structural relative 
movements during the tensile experiment, which enhances the stiffness of the membrane 
[195]. These results proved that the fabricated modified PVA membranes are certainly 
mechanically stable. During practical conditions with extremely high reverse osmosis 
pressure of 800 Psi, the membranes functioned properly and withstood that high pressure 
without damage or rupture and without the need of a supportive layer or a substrate. The 
utilization of the RO membranes without the use of a substrate reduces negative 
consequences, such as internal concentration polarization that causes an increase in the 





Figure 5.10 Stress-strain Curves for different Vanillin wt%.         
 
 




























Figure 5.11 Effect of Vanillin wt% on Young’s modulus of the membranes.    
 
                                                              
5.3.7 Permeate Flux and Salt Rejection 
5.3.7.1 Separation performance of DGEBA crosslinked PVA membranes 
Figure 5.12 shows the permeation and selectivity of the PVA crosslinked membranes 
with DGEBA. It shows that as the crosslinker amount increased, the selectivity improved. 
This is a direct effect of polymer crosslinking that creates tighter and denser 
morphologies due to polymer chains interlacing [88]. Conversely, permeability is reduced 
as the amount of DGEBA increases. This behavior could be explained the same way, as 
those tighter and denser polymer chains will hinder the free flow of water molecules, as 
well. The main reasons behind PVA membrane crosslinking are to eliminate polymer 





















crosslinker wt% is the one that gives the best selectivity. The optimum DGEBA weight 


















































5.3.7.2 Separation performance of PVA membranes incorporated with Pluronic F-127 
Figure 5.13 demonstrates the effect of the incorporation of Pluronic F-127 on the water 
flux and salt rejection. The water flux curve shows that as the amount of Pluronic F-127 
increased, the permeation improved significantly. This could be explained by the fact that 
the presence of Pluronic F-127 made the membrane surface highly hydrophilic, which 
enhanced the diffusion of water across the membrane. Another explanation is that 
Pluronic F-127 is known as a pore-forming agent and it is reported that higher porosity 
leads to higher water fluxes [114, 156-158, 172]. The salt rejection curve shows that the 
selectivity improved as the amount of the added Pluronic F-127 increased up to 6 wt%. 
The salt rejection declines after the addition of more than 6 wt%. The reason is that 
adding larger amounts of Pluronic F-127 will lead to the formation of larger pores that 
could permit larger salt molecules to pass through the membrane. Therefore, 6 wt% of 
Pluronic F-127 was chosen as an optimum loading and will be infused into all of the 









5.3.7.3 Effect of Vanillin conjugation on PVA membranes separation performance 
Figure 5.14 shows the effect of the conjugation of different weight percentages of 
Vanillin on the water flux through the membrane and salt rejection. The permeability was 
reduced slightly (less than 10%) with the conjugation of more and more Vanillin. As has 
been discussed earlier, the additional amounts of Vanillin tend to occupy the pores 
created by Pluronic F-127, which marginally affect the flow of water across the 
membrane. The SEM images showed that the pores get smaller and smaller as the 
Vanillin wt% increased.  
Figure 5.14, also, shows the effect of conjugation Vanillin on the salt rejection of the 









































matrix improved the salt rejection immensely compared to the unmodified membranes. 
The salt rejection improved from around 50% to around 98% with the addition of 0.07 
wt% Vanillin, PVA-V4. The conjugation of Vanillin into the PVA matrix acts like a 
crosslinking agent that forms denser network structure. That dense structure will obstruct 
the free passage of salt molecules [195]. 
 
 










































5.3.8 Effect of Vanillin Conjugation on Membrane’s Biofouling Resistance 
The Diffusion Inhibition Zone (DIZ) test was conducted to analyze the biofouling 
resistance of the RO membranes. When an inhibition circle is generated around a 
membrane sample, it indicates that the membrane has an anti-microbial property [102]. 
Figure 5.15 shows DIZ results for Bacillus Subtilis bacteria. Unmodified PVA membrane 
sample, Figure 15 (a), showed no inhibition zones, which implies that the membrane does 
not possess an anti-microbial property. On the other hand, after the conjugation with 
Vanillin, the membrane sample displayed a clear inhibition zone, as shown in Figure 15 
(b).  The transversally calculated diameter of the inhibition zone was ~ 0.6 mm. This is 
an indication that the PVA membranes conjugated with Vanillin truly possess an anti-





Figure 5.15 Bacteria Bacillus Subtilis DIZ photos of (a) unmodified PVA and (b) PVA 







5.3.9 Effect of Vanillin conjugation on Membrane’s Chlorine Resistance 
Figure 5.16 shows the comparison between the Pristine PVA membrane and the PVA 
membranes conjugated with Vanillin. The unmodified membrane showed poor Chlorine 
resistance as the salt rejection decreased from 69.1 to 41.1%, a 40% decrease in salt 
rejection efficiency. This indicates that the membrane surface is not Chlorine resistant 
and has been affected by the harsh environment caused by the presence of high 
concentration of Chlorine. On the other hand, once Vanillin was conjugated, the decline 
in salt rejection became negligible, which implies that the conjugation with Vanillin 
provided a more chemically stable membrane as it became more Chlorine resistant. For 
instance, for PVA-V3, the reduction in salt rejection was less than 4%, which is a 90% 
improvement of Chlorine resistance compared to pristine PVA. 
Commercially available RO membranes fabricated using Polyamide (PA) are severely 
affected by exposure to even lower levels of Chlorine than those used in this study. The 
decrease of salt rejection of a typical commercially available PA membrane (SW30HR, 
Dow FilmTec) is more than 25% in less harsh conditions [179, 180]. The membranes 
fabricated in this research have a superior Chlorine resistance compared to commercial 
RO membranes. Chlorine resistance is crucial as it reduces the need for the de-
Chlorination process that is necessary to protect the membrane material from the attack 








The present study was designed to determine the effect of conjugating Vanillin with 
DGEBA crosslinked PVA membranes on the overall reverse osmosis performance. The 
novelty of this work is that the PVA polymer matrix membrane is utilized as an active 
RO layer without the use of any polymeric or ceramic substrate. Although PVA possesses 
excellent separation and film forming properties, researchers tend not to use PVA as an 
active layer in RO applications because of PVA swelling effect and the membrane 
rupture under high pressure. Instead, they utilize PVA as a modifier. The results of this 
investigation showed that the fabricated RO membrane overcame those issues through 




































The conjugation of Vanillin improved the overall RO performance of the membrane in 
terms of hydrophilicity, surface roughness, salt rejection, Chlorine resistance, biofouling 
resistance and mechanical strength. Figure 5.17 shows a target plot that defines which 
RO membrane has the optimal performance. The membrane properties and performance 
were ranked from level 1, the innermost loop on the target, to level 10, the outermost 
loop; level 10 indicates ideal properties. The target plot clearly illustrates that the 
conjugation of Vanillin improved the overall performance vastly. From the plot, 
membranes PVA-V4 and PVA-V5 provided optimal salt rejection, Chlorine resistance, 
mechanical strength and surface hydrophilicity. Although the permeation of these two 
membranes is not the best, they relatively have an excellent water flux. This study paves 
the way for the utilization of PVA as an active layer in RO plants in the near future. 
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Figure 5.17 Target plot comparing RO performance properties for unmodified 










































Research on Novel Reverse Osmosis Membranes Composed of PVA Conjugated 
with Gum Arabic: Biofouling Mitigation and Chlorine Resistance Enhancement 
 
6.1 Introduction 
Desalination and purification of seawater and brackish water utilizing reverse osmosis 
(RO) technology has been progressively crucial in an effort to tackle the issue of the 
calamitous global fresh water resources scarcity [15, 18, 199, 200]. Due to the up-to-date 
advances in RO membrane technologies and their reduced cost compared to thermal 
desalination methods, RO became the predominant desalination technology nowadays 
[201]. 
One of the challenges that affect the RO process is membrane biofouling that causes a 
significant decline in performance. Due to membrane fouling, RO modules need to be 
cleaned and chemically treated frequently. Cleaning and pretreatment ultimately shorten 
the membrane life, and that increases the cost of the overall process [52, 61]. Membrane 
biofouling is the buildup of microbial layers on the surface or within the pores of the 
membrane. Micro-organisms such as bacteria, algae and fungi are pseudo particles, which 
means that they can grow, multiply or even relocate. Hence, biofouling occurs even after 
feed water pretreatment and after the application of disinfectants [42, 48, 51-55]. The 
buildup of a biofilm on the surface of the membrane causes several adverse effects 
including, operating pressure increase, loss of salt rejection, membrane bio-degradation 
and flux decline [64, 65]. 
In this research, novel crosslinked PVA/Pluronic F127 membranes conjugated with Gum 
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Arabic were synthesized using dissolution casting to investigate the biofouling and 
Chlorine resistance and to analyze the overall RO performance. 
Poly (vinyl alcohol) (PVA) is a highly hydrophilic water-soluble biodegradable polymer 
with good film-forming properties and outstanding thermal, mechanical and chemical 
stability. It is considered as one of the best polymers to fabricate membranes with high 
chemical stability, good Chlorine tolerance and excellent fouling resistance. 
Subsequently, PVA has been utilized by many researchers to fabricate membranes for 
separation and pressure driven processes such as microfiltration, ultrafiltration, reverse 
osmosis and pervaporation [81-87]. One of the drawbacks that are associated with the use 
of PVA in aqueous media is swelling, which occurs due to its very high hydrophilicity 
that makes it an open structure. Swelling affects the membrane performance, primarily 
the membrane solute rejection. Therefore, crosslinking of PVA is needed to balance the 
hydrophilic-hydrophobic properties of such membranes [88-90]. PVA could be 
crosslinked using multifunctional compounds like dicarboxylic acids, dialdehydes and 
dianhydrides, which could react with the -OH groups of PVA [91-96]. 
Gum Arabic (GA) is a well-known hydrophilic, negatively charged, non-toxic natural 
composite polysaccharide derived from the excretions of Acacia Senegal and Vachellia 
Seyal trees [202, 203]. It is an arabinogalactan polysaccharide that consists of three 
distinctive segments and is composed of more than 97% carbohydrates and less than 3% 
proteins [204]. It is one of the widely accepted constituents in the pharmaceutical, 
cosmetic and food industries [204, 205]. Gum Arabic is proven to have excellent 
antibacterial properties, which play an important role in membranes biofouling mitigation 
[206-208]. Furthermore, Gum Arabic has shown superb surface activity and viscoelastic 
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film forming capabilities [209-211]. 
Polyethylene oxide–polypropylene oxide–polyethylene oxide (PEO–PPO–PEO) triblock 
copolymers, known as Poloxamers or Pluronics are amphiphilic copolymers comprising 
hydrophilic PEO segments and hydrophobic PPO segments. Compared to other 
Pluronics, Pluronic F127 has high extractability into aqueous phase, high molecular 
weight (Mw 12,600) and good hydrophilic/lipophilic balance value (HLB = 22) [113, 
114].  The incorporation of Pluronic F127 into PVA thin films enhances the separation 
performance of membranes, as it has been reported in literature [114, 115]. Additionally, 
It has been reported that amphiphilic copolymers can alter the diffusion rate of water 
through membranes, which increases the permeate flux through the membrane [114, 116-
118].  
Many researchers have used PVA as a hydrophilic modifier or as a coating on polymeric 
or ceramic surfaces for many separation applications [69, 81, 100, 101, 111, 129-150, 
186]. Nonetheless, to the best of our knowledge, no research has been presented on the 
use of crosslinked PVA incorporated with Pluronic F127 and conjugated with Gum 
Arabic as an active layer in reverse osmosis application without the use of polymeric or 
ceramic substrates. The use of the polymer as an active layer without a substrate reduces 
some negative consequences, such as internal concentration polarization that may cause 
an increase in the applied pressure. As mentioned earlier, in this research, crosslinked 
PVA membranes incorporated with Pluronic F127 and conjugated with Gum Arabic for 
RO were fabricated. The newly synthesized membranes were then characterized and 
analyzed using various techniques like attenuated total reflection Fourier transform 
infrared spectroscopy (ATR-FTIR), contact angle measurements, X-ray diffraction 
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(XRD), scanning electron microscopy (SEM), atomic force microscopy (AFM) and 
mechanical testing. The actual reverse osmosis performance of the membranes, including 
permeation testing, salt rejection and Chlorine resistance, was analyzed using a dead-end 
RO permeation unit. 
6.2 Experimental Procedure 
6.2.1 Materials 
Analytical grade PVA (Mw=89000), Gum Arabic (Mw=250,000), bisphenol A diglycidyl 
ether (DGEBA) (crosslinker), Pluronic F127 (average molecular weight: 12.6 kDa), 
dimethyl sulphoxide (DMSO) and sodium hypochlorite (NaClO) were acquired from 
Sigma Aldrich (St Louis, MO, USA). All chemicals were used without further 
purification. 
6.2.2 Membrane Casting 
6.2.2.1 Crosslinking of PVA with DGEBA  
Various weight percentages of DGEBA crosslinker, as shown in Table 6.1, were mixed 
into PVA solutions, where DMSO was used as a solvent with a 17:83 solute/solvent 
weight percent ratio. The mixing was performed at 70◦ C for 2 hours with continuous 
stirring until a homogenous, transparent solution was produced. Utilizing the dissolution 
casting method, the solution was then transferred slowly into identical Petri dishes with 
identical amounts of the solution to insure uniformity. Petri dishes were then heated to 
65oC in a controlled evaporation environment to assure uniform film thicknesses of 0.1 
mm, measured by a screw gauge. After complete evaporation, the thin film membranes 
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are removed from the Petri dishes with the aid of sharp blades. Five membranes are 
synthesized from each concentration for testing. The resultant dense membranes are 
examined for swelling, permeation and salt rejection to come up with the optimal 
crosslinker weight percent.  As will be demonstrated in the results section, the 0.16 wt% 
of DGEBA provided the optimum membrane properties, thus, the weight percent of 0.16 
was used for further modifications. 
6.2.2.2 Incorporation of Pluronic F127 into the crosslinked PVA membranes 
Various weight percentages of Pluronic F127, as shown in Table 6.1, were blended into 
the solutions of PVA and 0.16 wt% of DGEBA. The solution preparation and the film 
casting method followed the procedure mentioned in the previous section. The resultant 
composite membranes with different weight percentages of Pluronic F127 were 
characterized and evaluated. The overall evaluation of the Pluronic F127 membranes as 
will be detailed later on, showed that 6 wt% of Pluronic F127 is the optimal percentage 
and was used for further modifications. Figure 6.1 shows a scheme of the chemical 
reaction. 
6.2.2.3 Conjugation of Gum Arabic with the modified PVA membranes 
Five weight percentages of Gum Arabic, shown in Table 6.1, were conjugated with the 
solution of crosslinked PVA and 6 wt% of Pluronic F127 to synthesize the thin film 






Figure 6.1 Schematic diagram of the crosslinking of PVA with DGEBA and the 









Table 6.1 Weight percentages of DGEBA, Pluronic F127 and Gum Arabic in PVA 
solution. 
 Weight Percentages (wt%) 
DGEBA 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 
Pluronic 
F127* 




 0.1 0.3 0.5 0.7 0.9     
 
 Labels PVA-GA-1     PVA-GA-2     PVA-GA-3     PVA-GA-4     PVA-GA-5 
*with 0.16 wt% DGEBA.  
**with 0.16 wt% DGEBA and 6 wt% Pluronic F127 
 
 
6.2.3 Membranes Characterization 
6.2.3.1 Fourier Transform Infrared Spectroscopy (FTIR) 
An IR Prestige-21 (Shimadzu) using attenuated total reflectance (ATR) accessory 
equipped with zinc selenide (ZnSe) crystal was used to obtain FTIR spectra of the 
composite membrane samples. Before each sample scan, an air background of the 
instrument was run. The frequency range was from 4000-600 cm-1 at a resolution of 4.0 
cm-1 and average of 120 scans per spectrum were reported.  
6.2.3.2 X-Ray Diffraction Measurements 
An X’pert PRO Diffractometer (PANalytical) was used to characterize the structure of 
the synthesized composite membranes. The instrument uses monochromatized CuK α1 
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radiation with wavelength of 1.540 Å from a fixed source operated at voltage 40 kV and 
current 40 mA. The scanning range was from 4◦ to 80◦. 
6.2.3.3 Scanning Electron Microscopy (SEM) 
A Scanning Electron Microscope (S-3400N Hitachi, USA) was used to attain SEM 
micrographs of the fabricated membranes. The SEM was operated under low vacuum 
mode to analyze the samples. Samples were gold sputtered for 120 s before they are 
placed into the SEM to make sure no surface charging occurs. Gold sputtering was 
performed using Denton Vacuum Sputtering Automatico Desk IV.  
6.2.3.4 Atomic force microscopy (AFM) 
AFM imaging and analysis (Digital Instruments, Santa Barbara, CA, US) were utilized to 
characterize membrane surface morphological structures and to determine membrane’s 
quantitative surface roughness, respectively. Topographical images were taken using 
standard tapping mode. A cantilever oscillated sinusoidally at 350 kHz resonant 
frequency, and briefly contacted the sample surface at the down stroke of each sinusoidal 
cycle. A user-established set point force was fixed so that the sample surface was 
minimally deformed and used as a feedback control. Scanned images were taken at 512 x 
512 pixel resolution. The values of root mean square (RMS) roughness were extracted 
from AFM images through the calculation of the average of the values measured in 
random areas. The membrane surface morphology was expressed in terms of various 
roughness parameters, like mean roughness (Ra). It is calculated by the following 









where zi is the height or depth of the ith highest or lowest deviation and n is the number 
of discrete profile deviations. Root-mean-square surface roughness (Rq) is defined as the 
root-mean-square (RMS) of the deviations in height from the profile mean and it is 








6.2.3.5 Contact Angle Measurements  
A Goniometer (Digidrop, KSV Instruments) was used to calculate sessile drop contact 
angle of the reverse osmosis membranes. The equilibrium value was average of right and 
left angles of the drop that are calculated from the software fitting. The reported data is 
the average of three measurements from different locations for each membrane sample. 
6.2.3.6 Mechanical Testing 
Universal Tensile Testing Machine Instron 5567 fitted with a 10 kN load cell was used to 
calculate the mechanical properties of the fabricated membranes. Those mechanical 
properties include the stress strain curves, ultimate tensile strength, elongation at break 
and the Young's modulus. The shape of the membrane sample was used as per ASTM D-
638 standard with gauge length and width of 50 and 10 mm, respectively. Three 
specimens were tested for each membrane and the average value was recorded at a 
crosshead speed of 10 mm/min. The thickness of the membrane samples was measured 
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using a micro-caliper and maintained at 0.1 mm for all of the tested samples. All 
specimens were drawn at ambient temperature and the Young’s modulus was calculated 
in triplicate using stress-strain curves, which were instantaneously recorded by a 
computer.  
6.2.3.7 Permeation and Salt Rejection Testing  
A dead-end filtration system made of stainless steel 316 (HP4750 Stirred Cell, Sterlitech 
Corp., Kent,WA, US), as shown in Figure 6.2, was used to evaluate the permeation 
performance and the salt rejection percentages of the newly synthesized membranes. The 
active surface area of the membrane inside the permeation cell is 14.6 cm2. The feed 
solution was prepared using 3.28 wt% of commercially available natural sea salt and the 
pressure was kept at 800 psi (55.2 bar). The membranes were tested in the RO cell while 
the permeation flux of the membrane was calculated by determining the volume of the 
permeated water through the membrane over a certain period of time. It was calculated 
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where (F) is the permeate flux through the membranes, which is the permeate volume (V) 
per effective area of the membrane (A) per unit time (t). Frequently, water flux unit is 
abbreviated as (LMH). Salt rejection of the membranes was determined by a salinity 
meter (Traceble VWR, ISO 17025 Accredited). The reported permeate flux and salt 
rejection values were the average values obtained from at least three membrane samples 
prepared at different times after 8 hours of operation to reach the steady state, and the 















6.2.3.8 Chlorine Resistance Testing  
It has been reported that there is an equivalent resultant effect when comparing high 
concentration Chlorine exposure for a short period of time to low concentration Chlorine 
exposure for a longer period of time [104, 105]. Thus, it is more convenient to expose the 
membrane surface to a high concentration of Chlorine for a short period of time for 
Chlorine resistance testing. Chlorinated solution (2000 mg/L) was prepared by diluting a 
commercial NaClO solution (free Chlorine content of 10 wt%) with distilled water. The 
pH of the prepared hypochlorite solution was adjusted to 4.0 by HCl (0.1 M) to make it 
more oxidative and harsh environment [106]. To perform the Chlorination experiments, 
water flux and salt rejection performance of the membranes were evaluated using 2000 
mg/L NaCl solution and after that, the membranes were taken out of the test cells, 
washed with distilled water and exposed to 2000 mg/L hypochlorite solution for 2 h at 
pH=4.0 and 25◦ C. After exposure, the Chlorinated membranes were washed thoroughly 
with distilled water and re-loaded in the test cells. The performance of the membranes 
was evaluated again with 2000 mg/L NaCl aqueous solution. 
6.2.3.9 Biofouling Resistance Testing  
Antibacterial test was carried out using Escherichia coli by JIS L 1902–2002 
methodology. Broth (30 mL) was arranged in conical flasks. All flasks were autoclaved 
at 125 °C having a pressure of 15 psi for 30 min. After autoclaving DH5 alpha E. coli 
strain (100µl) was protected in the flasks. The unmodified and modified membranes were 
added in each conical flask. All flasks were nurtured at 35 °C in an incubator for 24 h. 
After nurturing, 600 nm optical density (OD) was observed by a spectrophotometer. 
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6.3 Results and Discussion 
6.3.1 FTIR analysis 
 FTIR analysis was carried out to confirm the interactions between PVA and Gum Arabic 
in the presence of the crosslinker (DGEBA) and Pluronic F127, as shown in Figure 6.3. 
The strong bands at 3324 and 2932 cm-1 are ascribed to hydrogen bonded –OH and –CH 
stretching vibrations, respectively, existed in PVA and DGEBA [151, 187]. The bands at 
1300 and 1089 cm-1 are characteristic bands for C-O-C cyclic in gum Arabic and 
DGEBA and C-O-C acyclic groups present in, Pluronic F127, Gum Arabic and DGEBA, 
respectively, while a weak band at around 1500 cm-1 is attributed to the aromaticity of the 
ring present in DGEBA [152, 190]. The band at 1408 cm-1 in all spectra ascertained the 
existence of C-O bond in PVA and Gum Arabic [188]. The sharp band at 1648 cm-1 









6.3.2 X-Ray Diffraction 
Figure 6.4 shows the XRD curves for the Pure PVA membrane and the modified 
membranes with different weight percentages of Gum Arabic. The pure PVA XRD curve 
shows peaks at 11.4◦, 20.02◦, 23.23◦, and 40.89◦. The strongest and most obvious peak is 
at 20.02◦. Those are distinctive peaks of Pure PVA that demonstrate its semi-crystalline 
structure [141]. Upon conjugation of DGEBA, Pluronic F127 and Gum Arabic with 
PVA, the sharp Peak for PVA at 20.02◦ became wider. This observation implies that the 
crystalline structure of PVA was disturbed after conjugation with naturally amorphous 
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Gum Arabic [209]. It has been reported that incorporation of polysaccharides would 
increase polymer chains mobility and this causes rapid growth of film structures. Those 
structures hinder the molecular chains arrangements, which leads to decreased 
crystallinity [210]. At the maximum loading of Gum Arabic, PVA-GA-5, the sharp PVA 






Figure 6.4 Diffractograms of pure PVA and Gum Arabic modified membranes. 















6.3.3 Scanning Electron Microscopy (SEM) 
Figure 6.5, (a) and (b) display SEM images of the Pristine PVA reverse osmosis 
membrane and the modified membranes with Pluronic F127, respectively. The surface 
morphology images proved that the incorporation of Pluronic F127 resulted in large pores 
formation in the order of 1-10 µm. It has been reported that Pluronic F127 is a pore-
forming agent that increases the pore size and porosity of the resultant reverse osmosis 
membranes [167, 168]. Figure 6.5 (c-g) show the SEM images of PVA membranes 
conjugated with several weight percentages of Gum Arabic. The images show that as the 
amount of Gum Arabic increases, the pores sizes and the overall porosity decrease. 
Besides, PVA-GA-4 and PVA-GA-5 showed some agglomerations of the excess amounts 
of Gum Arabic. The crosslinking effect that the polysaccharide imposed on PVA polymer 
chains made the membrane surface more compact and smooth with fewer pores and less 




















Figure 6.5 SEM images of (a) pristine PVA, (b) PVA with Pluronic F127, (c) PVA-GA-
1, (d) PVA-GA-2, (e) PVA-GA-3, (f) PVA-GA-4 and (g) PVA-GA-5.     
  
 
6.3.4 Atomic Force Microscopy (AFM) 
Figures 6.6 & 6.7 illustrate the effect of Gum Arabic conjugation on the surface 
roughness of the PVA RO membranes utilizing AFM. The surface roughness decreased 
gradually after the conjugation of Gum Arabic. That apparent reduction of surface 
roughness might be explained with the aid of SEM images that have been discussed in 
the previous section. The many large pores that were formed with the infusion of 
Pluronic F127 made the surface rougher and induced a ridge-valley structure. Once Gum 
Arabic is conjugated, the pores were diminishing and the surface became denser and 
smoother, which reduced the surface roughness greatly.  
Surface roughness has a crucial effect on biofouling mitigation [78]. The total surface 
area that microorganisms and biofoulants could adhere to increases as the membrane 
surface roughness increases. Besides, foulants tend to buildup on surfaces with ridge-
valley pattern, which is a characteristic of rough surfaces [79]. Therefore, the surface 
roughness diminution with the conjugation of Gum Arabic is significant, because it is 










Figure 6.6  3-D AFM images of (a) PVA membranes with Pluronic F127, (b) PVA-GA-1, 










Figure 6.7 Effect of Gum Arabic conjugation on surface roughness of PVA membranes. 
  
 
6.3.5 Contact Angle Analysis 
Surface contact Angle measurement is a tool to quantify surface 
hydrophilcity/hydrophobicity. If the contact angle between a liquid droplet and a flat 
surface is less than 90°, the surface is considered hydrophilic [155].  
6.3.5.1 Effect of mixing Pluronic F127 on hydrophilicity 
Figure 6.8 shows the effect of Pluronic F127 inclusion into PVA membranes on the 
hydrophilicity of the membrane surface. The figure shows an apparent decrease in 
contact angle, which means an enhancement in surface hydrophilicity with the mixing of 
Pluronic F127. This improvement in hydrophilicity is attributed to the pores formation, 



























surfaces absorb water better. Moreover, Pluronic F127 molecules form micelles when 
fused into the casting solution. The hydrophobic PPO segments integrate closer to the 
center of the micelle, while the hydrophilic PEO segments project away from the center 
to form the external layers of the micelle [156, 158, 159, 192]. Therefore, the overall 
hydrophilicity is expected to improve, since the outer surfaces of the Pluronic F127 
micelles are hydrophilic. Mixing 6 wt% of Pluronic F127 with PVA provided optimum 
hydrophilicity. The hydrophilicity started to decay with the inclusion of 8 wt% or more of 
Pluronic F127. The hydrophilicity reversal when additional amounts of Pluronic F127 are 
incorporated has been reported elsewhere [159]. The hydrophilic PEO segments of 
Pluronic F127 of the excess amounts start to convene themselves and attach to the 
hydrophilic membrane surface due to the hydrophilic/hydrophilic interactions. Therefore, 
the hydrophobic PPO segments form loops projected away from the surface facing the 
upstream [159]. Thus, the overall hydrophilicity of the membrane surface starts to decay 
after the initial improvement. Nevertheless, the modified membranes had better 




Figure 6.8 Effect of Mixing Pluronic F127 on the hydrophilicity of the PVA membrane. 
	
	
6.3.5.2 Effect of conjugating Gum Arabic on Hydrophilicity 
Figure 6.9 shows the effect of the conjugation of Gum Arabic on the hydrophilicity of the 
membrane’s surface. The curve shows an improvement in the hydrophilicity of the 
membranes surfaces, as implied by the decrease in contact angle compared to the pure 
PVA membrane. The improvement in hydrophilicity is due to the hydrophilic nature of 
Gum Arabic that encompasses multiple –OH groups. As the amount of Gum Arabic 
increases, the hydrophilicity improves, which is a direct consequence of the abundance of 
–OH groups within the membrane from PVA and Gum Arabic [203].      
Fabricating a hydrophilic membrane surface is one way to make the surface more 
biofouling resistant and to enhance permeability [41, 73]. When a surface becomes more 




























This water layer is important since it prevents or reduces the adsorption of biofoulants 




































6.3.6 Mechanical Properties 
Figures 6.10 & 6.11 show the stress-strain curves and the Young’s modulus for the 
modified PVA RO membranes with different weight percentages of Gum Arabic. The 
stress-strain curves show that when the wt% of Gum Arabic increases the yield and 
tensile strengths of the modified membranes are greatly increased. Maximum yield 
strength of around 20 MPa has been reached when maximum loading of 0.9 wt% Gum 
Arabic was conjugated, i.e. PVA-GA-5. The ductility of the resultant membranes was 
around 160%, except for the maximum loading where the ductility became around 100%. 
Those ductility values are reasonably high. The modified membranes stiffness, as can be 
shown from Young’s modulus values, has improved with the conjugation of Gum Arabic. 
When the maximum loading of Gum Arabic is incorporated, the stiffness of the 
membrane improved by 80%. That behavior could be explained by the fact that with the 
infusion of Gum Arabic, the crosslinking between PVA and the polysaccharides would 
toughen the polymer network even though the crystallinity has been reduced as 
mentioned earlier. This leads to an increase in tensile strength and a decrease in ductility 
[210]. These findings proved the mechanical stability of the fabricated modified PVA 
membranes. The fabricated membranes withstood the extremely high reverse osmosis 
pressure of 800 Psi without damage or rupture and without the use of a supportive layer 
or a substrate, which eliminates the many negative effects associated with the use of a 





Figure 6.10 Stress-strain Curves for different Gum Arabic wt%.                                                                 
 
 






















6.3.7 Permeate Flux and Salt Rejection 
6.3.7.1 Separation performance of DGEBA crosslinked PVA membranes 
Figure 6.12 shows the water permeation flux and the salt rejection percentages of the 
PVA crosslinked membranes with DGEBA. It is clear from the figure that as the mount 
of the crosslinker increased, the salt rejection improved, while the water permeation 
decreased. The reason behind this behavior is the crosslinking of PVA, as crosslinking 
polymer chains creates tighter and denser structures because of chains interweaving [88]. 
The resulting network structure will hinder the free passage of salt molecules as well as 
water molecules across the membrane, which enhances selectivity while reducing 
permeability. The purpose of PVA crosslinking is to overcome the swelling effect as well 
as to improve the selectivity of the membrane. Therefore, the optimal wt% of the 
crosslinker is the one that produces optimal salt rejection. Figure 6.12 shows that the 
DGEBA wt% of 0.16 created the membrane with the optimal salt rejection. This specific 





Figure 6.12 Effect of crosslinker wt% on the permeation and selectivity of the membrane. 
	
	
6.3.7.2 Separation performance of PVA membranes incorporated with Pluronic F127 
Figure 6.13 illustrates the effect of infusing Pluronic F127 into the crosslinked PVA 
membrane on the water flux after eight hours of operation. The addition of Pluronic F127 
improved the permeation considerably, as shown from the figure. One reason for that 
enhancement is the hydrophilic nature of Pluronic F127 micelles, as has been discussed 
earlier; the other reason is evidently due to the pore formation, which is a characteristic 
feature of Pluronic F127 [114, 156-158, 172]. The salt rejection has improved as well 
until more than 6 wt% is added, after which the rejection started to decline. This could be 








































molecules to pass through, which negatively affects the selectivity. Hence, 6 wt% of 
Pluronic F127 was chosen as an optimal weight percentage and was integrated into 
subsequent membranes for further modifications. 
 
 




















































6.3.7.3 Effect of Gum Arabic conjugation on PVA membranes separation performance 
Figure 6.14 shows the effect of the conjugation of different weight percentages of Gum 
Arabic on the permeate flux through the membrane and salt rejection. There was almost 
50% improvement in permeate flux through the membrane when 0.3 wt%, PVA-GA-2, or 
more Gum Arabic is conjugated. The permeate flux enhancement is attributed to the 
increased hydrophilicity of the membrane surface. As reported earlier, improving the 
hydrophilicity of a membrane surface results in a better permeability [72]. Another way 
to explain the behavior is related to the stiffness of the membrane. Since RO testing is 
performed under a very high applied pressure, it is anticipated that the membrane and its 
internal pores will be deformed. Upon deformation, some of the pores will get jammed, 
which affects the overall permeation. Therefore, better membranes stiffness leads to 
better permeability. The membrane stiffness results, shown in Figure 6.11, presented a 
similar trend to the permeation results, shown in Figure 6.14. The stiffness enhancement 
with the conjugation of Gum Arabic is in a similar fashion compared to the permeation 
enhancement.  
Figure 6.14, also, shows the effect of conjugating Gum Arabic on the selectivity of the 
synthesized membranes. It is clear that conjugating Gum Arabic with PVA enhanced the 
selectivity vastly compared to unmodified membranes. The selectivity improved from 
around 69% to 98% salt rejection with the addition of 0.7 wt% Gum Arabic, PVA-GA-4. 
This could be due to the hydrogen bonding between the numerous –OH groups Gum 
Arabic possesses and PVA polymer chains. Hydrogen bonding generates a network-like 
structure that hinders the passage of larger salt molecules [206]. This is a great finding as 
it is usually a compromise between permeability and selectivity; nonetheless, the 
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conjugation of Gum Arabic enhanced both.  
 
 




6.3.8 Effect of Gum Arabic Conjugation on Membrane’s Chlorine Resistance 
Figure 6.15 illustrate the effect of Chlorination on the selectivity of the RO membranes 
comparing the PVA membranes conjugated with Gum Arabic with the unmodified ones. 
The unmodified membrane showed poor Chlorine resistance as the salt rejection 
decreased from 69 to 52.3%, a 24% decrease in salt rejection efficiency. This implies that 
the harsh environment caused by the presence of high concentration of Chlorine affected 













































decline in salt rejection became very insignificant. The decrease in salt rejection was less 
than 3% for membrane PVA-GA-5, which is an 83% improvement of Chlorine resistance 
of the fabricated membrane. That enhancement of Chlorine resistance is an indication 
that the membrane surface is chemically stable. This is attributed to the intermolecular 
hydrogen bonding between the many –OH groups that PVA and Gum Arabic possess, 
which hinder the substitution of hydrogen with Chlorine on these –OH groups [69, 101].  
Commercially available Polyamide (PA) RO membranes are severely affected by 
exposure to even lower levels of Chlorine than those used in the present study [179]. The 
decrease of salt rejection of the commercially available PA membrane is more than 25% 
in much less harsh conditions [179]. The synthesized PVA membranes conjugated with 
Gum Arabic in this research had a much better Chlorine resistance compared to 
commercial RO membranes. Chlorine resistance is a crucial membrane property as it 
reduces the necessity for the de-Chlorination process that is required to protect the 








6.3.9 Effect of Gum Arabic Conjugation on Membrane’s Biofouling Resistance 
The antibacterial activity of E. coli, implementing JIS L 1902–2002 methodology, was 
investigated to characterize the effect of Gum Arabic conjugation on biofouling 
resistance of the membranes. The conical flask that contained the unmodified membrane 
looked cluttered, which suggested bacterial growth, while flasks that contained the 
membranes conjugated with Gum Arabic, displayed a clear transparent solution. Figure 
6.16 shows the optical density (OD) for the unmodified and modified membranes. The 

























bacterial growth. It was concluded form the optical density analysis that the modified 
membranes effectively suppressed the bacterial growth. After the conjugation of Gum 
Arabic, most of the E. coli cells lost their cellular integrity and became more rigid 
indicating irreversible cell death and/or cell damage. The antibacterial property improved 
by more than 98% for PVA-GA-5 compared to the unmodified membrane. Three very 
important membrane surface characteristics that affect the antibacterial behavior of the 
membrane are hydrophilicity, surface roughness and surface charge. It has been reported 
that bacteria tend to adhere to more hydrophobic, positively charged and rougher surfaces 
[212]. This study illustrated that the conjugation of Gum Arabic improved the 
hydrophilicity and the surface roughness of the membranes. Hence, the improvement of 
antibacterial property could be explained by the improvement in hydrophilicity, which 
deterred the adhesion of bacteria that are mostly hydrophobic [213]. Furthermore, a 
smoother surface reduces the surface area that bacteria could be attached to [212]. 
Another explanation is that both the E. coli and Gum Arabic are negatively charged [203, 
214, 215]. Due to electrostatic repulsion between the negatively charged polysaccharide 
and the E. coli, the membrane surface became expeller to the adhesion of E. coli.  
Coupling this antibacterial property with the Chlorine resistance improvement is an 
outstanding outcome of this research as enhancing both extends the membrane life and 





Figure 6.16 Relative amount and viability of E. coli cells adhering onto pristine and 




This research was undertaken to investigate the effect of conjugating Gum Arabic with 
crosslinked PVA/Pluronic F127 membranes on the overall reverse osmosis performance. 
The novelty of this work is that the PVA polymer matrix was utilized as an active RO 
layer without the use of any polymeric or ceramic substrate, which overcame many 
drawbacks associated with the use of substrates, such as internal concentration 
polarization.  
Crosslinked PVA membranes conjugated with Gum Arabic were prepared using 
dissolution casting method. The conjugation with Gum Arabic and Pluronic F127 









Un-Modified	 PVA-GA-1	 PVA-GA-2	 PVA-GA-3	 PVA-GA-4	 PVA-GA-5	
1.315	












surface roughness, water permeability, salt rejection, Chlorine resistance, biofouling 
resistance and mechanical strength. Figure 6.17 shows a target plot that determines which 
RO membrane has the optimal performance. The membrane properties and performance 
were ranked from level 1, the innermost loop on the target, to level 10, the outermost 
loop; level 10 indicates ideal properties. The target plot clearly illustrates that the 
conjugation of Gum Arabic improved the overall performance vastly. From the plot, the 
membrane PVA-GA-5 that contains 0.9 wt% Gum Arabic provided optimal salt rejection, 
Chlorine and biofouling resistance, mechanical strength, permeability, surface roughness 
and surface hydrophilicity. This research will serve as a base for future studies 
concerning the feasibility of the utilization of PVA and Gum Arabic as an active layer in 





Figure 6.17 Target plot comparing RO performance properties for the unmodified PVA 


































 High Performance and Chlorine Resistant PVA/DGEBA Crosslinked TFN-RO 




Global water crisis may become a peace threatening issue and can lead to conflict 
between nations with the passage of time. The demand of good quality drinking water is 
increasing due to the rapid growth of industry and population and a lack of wastewater 
management [5, 216]. The optimal available option to address the scarcity of clean water 
is to establish a desalination plant that removes salts and other impurities from saline 
water. There are many techniques available for desalination including multi-effect 
distillation (MED), multi-stage flashing (MSF), electrodialysis and reverse osmosis (RO). 
RO membrane plants are the most promising due to their energy efficiency, operational 
simplicity and low capital cost [15, 104, 217, 218]. 
A wide range of various synthetic polymers are explored for water purification processes 
[85, 103]. Membranes based on polyvinyl alcohol (PVA) are widely studied as a 
promising component for water treatment processes, which includes reverse osmosis, 
ultrafiltration, and nanofiltration [219]. The inherent hydrophilicity of PVA makes it an 
attractive polymer for membrane water treatment applications compared to other 
polymers as it also possesses  good fouling resistance, film forming ability and chemical 
and physical stability [82]. Nonetheless, PVA membranes require physical or chemical 
modifications as it holds a low rate of salt rejection [220-223].  
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PVA is a polymer having –OH groups on its backbone. Theses groups are the source of 
hydrogen bonding and they can support polymer composite formation [224]. There are 
number of physical, chemical and thermal treatment methods for modifying PVA as 
supported in literature [29, 225-227]. Physical and chemical modification enhances 
mechanical stability, provides resistance to dissolution in water, and offers adhesive 
networks on PVA chains [228]. The large swelling capacity of PVA can be minimized by 
adequate crosslinking to ensure the retention and compaction under pressure [82, 88, 89]. 
Amphiphilic copolymer Pluronic F127 consists of highly hydrophilic poly (ethylene 
oxide) (PEO) and hydrophobic polypropylene oxide (PPO) arranged in ABA type 
triblock structure (PEO-PPO-PEO) [192]. Polyethylene oxide (PEO) is generally used for 
hydrophilic variation and enhancement of antifouling property of the membranes [229-
231]. Poloxamers like Pluronic F127 are selected due to their pore formation ability and 
permeation enhancement, which influence the penetration rate of the solution in the 
membrane [157]. 
Thin film composite membranes formed by incorporating organic polymers with 
inorganic materials like zinc oxide, silica, zirconia, titania and alumina have shown 
improved thermal and mechanical properties and enhanced water permeability, salt 
rejection and fouling resistance compared to single polymer membranes [232-237]. Zinc 
oxide nanoparticles (ZnO-NPs) are widely used as additives in different products and 
considered as mature engineering materials in chemicals, ceramics and water purification, 
in particular for the removal of salts [238-240]. Infusion of ZnO-NPs in polymeric 
membrane enhances selectivity, chemical stability, heat resistibility and membrane 
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durability with additional benefits of good biocompatibility, strong antifungal and 
antibacterial properties [106]. 
In this research, crosslinked PVA membranes incorporated with Pluronic F127 and 
infused with ZnO-NPs for RO were fabricated. The newly synthesized membranes were 
then characterized and analyzed using various techniques like attenuated total reflection 
Fourier transform infrared spectroscopy (ATR-FTIR), contact angle measurements, X-ray 
diffraction (XRD), scanning electron microscopy (SEM), atomic force microscopy 
(AFM) and mechanical testing. The actual reverse osmosis performance of the 
membranes, including permeation testing, salt rejection and Chlorine resistance, was 
analyzed using a dead-end RO permeation unit.  
7.2 Experimental procedure 
7.2.1 Materials 
Analytical grade PVA (Mw=89000), bisphenol A diglycidyl ether (DGEBA) 
(crosslinker), Pluronic F-127 (pore former), dimethyl sulphoxide (DMSO) (solvent) and 
sodium hypochlorite (NaClO) were obtained from Sigma Aldrich (USA). Zinc oxide 
nanoparticles (ZnO-NPs) with 99.7% purity were obtained from Inframat Advance 
Materials (USA). Commercially available natural sea salt collected from Pacific Ocean 
(USA) is used for RO process. All the chemicals were used without further purification. 
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7.2.2 Membrane Preparation 
7.2.2.1 Preparation of single layer PVA/DGEBA crosslinked membrane 
PVA (17.5wt %) was mixed with different weight % of DGEBA, as shown in Table 7.1, 
to prepare PVA/DGEBA membranes using dissolution casting methodology. The mixture 
was dissolved in DMSO (82.5wt %) solvent with continuous stirring of each solution for 
2 h at 70 ̊C. The clear, viscous and homogenous solutions of eleven concentrations of 
DGEBA from (0-0.2wt %) were labeled as PVA-DGEBA wt%. 
7.2.2.2 Membrane Casting 
The single layer PVA/DGEBA crosslinked solutions were spread slowly on Petri dishes 
and placed in an oven at 65 ̊C for controlled evaporation of solvent keeping the 
membrane of uniform thickness. The solution was transferred to each Petri dish of the 
same diameter with equal quantity. The newly casted membranes had dense structure. 
The membranes were carefully removed from each Petri dish using sharp blades. Single 
layer PVA/DGEBA crosslinked membranes, shown in Figure 7.1 (step I), were evaluated 
for maximum salt rejection. From the results, PVA-0.16 was selected for further 







Figure 7.1 Schematic diagram of the crosslinking of PVA with DGEBA and the 






7.2.2.3 Synthesis of thin film composite (PVA/DGEBA/PluronicF127) membrane 
Several concentrations of Pluronic F127 (0-10wt%), shown in Table 7.1, were 
composited with the selected PVA-0.16 solution and magnetically stirred for 2 h at 70 ̊C 
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until homogeneous solutions (TFC labeled) were formed. Five films were casted on clean 
dried Petri dishes following the same procedure mentioned in the previous section. TFC3 
membrane showed highest permeation flux and maximum salt rejection and was selected 
for further treatment. The membrane thickness (~0.1mm) was measured by screw gauge. 
Figure 7.1 shows possible intermolecular interactions. 
7.2.2.4 Infusion of ZnO-NPs in TFC membrane  
ZnO-NPs with five different concentrations (0-0.1 wt%), as shown in Table 7.1, were 
infused with TFC3 membrane solution and sonicated for 2 h at 65 ̊C until finely dispersed 
solutions were formed. Membranes were casted on Petri dishes following the same 
procedure mentioned above and labeled as shown in Table 7.1. 
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Table 7.1 Composition and effect of PVA/DGEBA, Pluronic F127 and ZnO-NPs on 








7.3 Membrane Characterization 
7.3.1 Fourier Transform Infrared Spectroscopy 
FTIR spectra of composite membranes were scanned by IR Prestige-21 (Shimadzu) using 
attenuated total reflectance (ATR) accessory equipped with zinc selenide (ZnSe) crystal. 
The air background of the instrument was run before each sample. The frequency range 
was from 4000-600 cm-1 at a resolution of 4.0 cm-1 and average of 120 scans per spectrum 
were reported.  
7.3.2 Contact Angle Measurements 
Goniometer (Digidrop, KSV Instruments) was used to evaluate sessile drop contact 
angles of single layer crosslinked (PVA-0.16), TFC3 and TFN (1-5) membranes. The 
equilibrium value was average of right and left angles. The reported data were the 
average of three measurements for each membrane sample. 
7.3.3 Structural Investigation 
The structure of all the prepared polymer blends was characterized by XRD analysis with 
an X’pert PRO diffractometer (PANalytical) using monochromatized CuK α1 radiation 
of wavelength 1.540 Å from a fixed source operated at voltage 40 kV and current 30 mA. 
The scanning range was from 4◦ to 80◦.  
7.3.4 Scanning Electron Microscopy 
SEM micrographs of the membranes pure PVA, single layer crosslinked (PVA-0.16), 
TFC3 and TFN (1-5) were taken on S-3400N Hitachi (USA). The instrument was 
operated under low vacuum mode to analyze sample. For gold sputtering, samples were 
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prepared by using Denton Vacuum Sputtering Automatico Desk IV. This instrument was 
primarily utilized for SEM sample preparation. 
7.3.5 Atomic Force Microscopy (AFM) 
Atomic force microscopy (AFM) imaging was conducted using a Digital Instruments 
(Santa Barbara, CA) Dimension 3000 with a Nanoscope III controller. Topographical 
images were taken using standard tapping mode. In PFT-mode, a cantilever was 
oscillated sinusoidally at 350 kHz resonant frequency, and brief contacts with the sample 
surface at the down stroke of each cycle. A user-established set point force was set so that 
the sample surface was minimally deformed (on the order of a few nanometres) and used 
as feedback control. Scanned images were taken at 512 x 512 pixel resolution.  
7.3.6 Mechanical Testing 
The mechanical properties of the TFN (1-5) membranes, i.e. the stress strain curves, 
ultimate tensile strength, elongation at break and the Young's modulus, were primarily 
evaluated. Instron 5567 Tensile Testing Machine fitted with a 10 kN load cell was used to 
perform the load-extension experiments. Membranes were cut into strips with gauge 
length and width of 50 and 10 mm, respectively. The thickness of the membrane samples 
was measured using a micro-caliper and maintained at ~0.1 mm for all of the tested 
samples. All specimens were drawn at ambient temperature and the Young’s modulus was 
calculated in triplicate using stress-strain curves, which were instantaneously recorded by 




7.3.7 Reverse Osmosis Separation Performance Testing 
The desalination performance of the freshly prepared, single layer crosslinked PVA-0.16, 
TFC3 and TFN (1-5) membranes was evaluated in terms of permeation flux and salt 
rejection % by using a dead-end filtration system made of stainless steel 316 (Model 
HP4750 Stirred Cell, Sterlitech Corp., Kent,WA), as shown in Figure 7.2. 
The membrane sample was loaded in the stainless steel cell with an effective area of 14.6 
cm2 (2.26 in2). The feed solution was prepared using 3.28wt% of commercially available 
natural sea salt and the pressure was kept at 800 psi (55.2 bar). The membranes were 
tested in the RO cell while the permeation flux can be calculated by measuring the 
volume of the water penetrated through the membranes per effective area per unit time, 
and its unit was converted into m3/m2/day or gallon/ft2/day (gfd) in following Equation.  
Permeation Flux =
Permeate  unit (m³)
Membrane Area m² .Time (day) 
 
The salinity of the permeate was determined by a salinity meter (TRACEABLE VWR, 
ISO 17025 Accredited). The reported RO experimental results were the average values 
obtained from at least three membrane samples prepared at different times, and the error 















7.3.8 Chlorine Resistance of The Prepared Membranes 
It has been reported elsewhere that there is an equivalent resultant effect when comparing 
high concentration Chlorine exposure for a short period of time to low concentration 
Chlorine exposure for a longer period of time [104, 105]. Thus, it is more convenient to 
expose the membrane surface to a high concentration of Chlorine for a short period of 
time for Chlorine resistance testing in the lab. Chlorinated solution (2000 mg/L) was 
prepared by diluting a commercial NaClO solution (free Chlorine content of 10 wt%) 
with distilled water. The pH of the prepared hypochlorite solution was adjusted to 4.0 by 
HCl (0.1 M) to make it more oxidative and harsh environment [106]. To perform the 
Chlorination experiments, water flux and salt rejection performance of the membranes 
were evaluated using 2000 mg/L NaCl solution and after that, the membranes were taken 
out of the test cells, washed with distilled water and exposed to 2000 mg/L hypochlorite 
solution for 2 h at pH=4.0 and 25◦ C. After exposure, the Chlorinated membranes were 
washed thoroughly with distilled water and re-loaded in the test cells. The performance of 
the membranes was evaluated again with 2000 mg/L NaCl aqueous solution. 
	
7.4 Results and Discussion 
7.4.1 FTIR Analysis 
Figure 7.3 shows the FTIR analysis carried out to confirm the proposed interactions 
among PVA, Pluronic F127 and ZnO-NPs in the presence of (DGEBA). The strong 
bands at 3303 and 2919 cm-1 are ascribed to hydrogen bonded -OH and -CH stretching 
vibrations, respectively, present in PVA and Pluronic F127 [151, 187]. The bands at 1236 
and 1086 cm-1 are characteristics for C-O-C cyclic and acyclic groups of epoxy present in 
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DGEBA, respectively. The intensity of this peak remained the same due to the fixed 
concentration of DGEBA, while a weak band at 1600 cm-1 attributed to the aromaticity 
present in DGEBA. In addition, the band at 915 cm-1 confirmed the characteristic 
asymmetric vibration of epoxide ring [190, 191]. The band at 1138 cm-1 in all TFN 
spectra ascertained the existence of C-O bond in PVA and Pluronic 127. The band at 487 
cm-1 confirmed the presence of ZnO-NPs [188]. This band has been shifted towards 




Figure 7.3 ATR-FTIR spectra of pure PVA, PVA-0.16 and TFN (1-5) membranes 
  
 
7.4.2 Contact Angle Measurements 
Figure 7.4 shows the contact angles of single layer crosslinked (PVA-0.16), TFC3 and 
TFN (1-5) membranes. The single layer crosslinked (PVA-0.16) membrane showed a 
relatively high contact angle of 70.8 ̊. After the incorporation of Pluronic F-127, from 2 to 
10 wt%, the contact angle of TFC3 membrane (6 wt%) decreased down to 57.1 ̊. This 
decrease in the contact angle indicates an increase in hydrophilicity and a more 
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hydrophilic membrane surface typically produced better water permeability. The smaller 
contact angle also showed the increase in surface oxygen content [157]. Moreover, when 
ZnO-NPs loadings (0-0.1wt %) are added slightly to enhance hydrophilicity of the TFN 
(1-4) membranes as observed the decrease in contact angle from 52.5 ̊ and 48.8 ̊. The 
reason could be due to the hydrophilic property of ZnO-NPs. But for TFN5, the contact 
angle again started to increase to 49.1 ̊, which showed that the agglomeration of ZnO-NPs 
started blocking the pores in the membranes. Some of the nanoparticles tended to 
aggregate and could be partially exposed on the membrane surface at higher ZnO-NPs 
concentration. Thus, for TFN4 thin film nanocomposite membrane, surface 
hydrophilicity increased because of the sorption of water through the hydrophilic pores 




Figure 7.4 Contact angle of the prepared PVA-0.16, TFC3 and TFN (1-5) RO membranes 
  
 
7.4.3 Structural Investigation 
X-ray diffraction is used to find out the changes in microstructure of polymers and its 
composites. Figure 7.5 shows the diffraction pattern of pure PVA, PVA-0.16, TFC3 and 
TFN4. The XRD pattern of pure PVA (typical of crystalline PVA) membrane showed a 
strong peak at 19.35◦ (10ī), medium at 22.5◦ (101) and weak 40.5◦ (202) [241].  With the 
addition of crosslinker, the peak at 19.35◦ was broadened, which is acclaimed to be due to 
the presence of DGEBA that disrupt the semi-crystallinity of bonding scheme of PVA. It 
was observed that with the addition of ZnO-NPs in TFC3 membrane, the main diffraction 




Figure 7.5 XRD patterns of pure PVA, PVA-0.16, TFC3 and TFN4 membranes 
  
 
7.4.4 Scanning Electron Microscopy 
The morphological studies of single layer crosslinked (PVA-0.16), TFC3 and multiple-
layer TFN (1-5) membranes were carried out, as shown in Figure 7.6. It shows the 
morphology of all the membrane. The surface morphology of single layer crosslinked 
PVA-0.16 membrane is smoother and denser with no obvious porous structure. The 
additive (ZnO-NPs) is the influential factor for the final properties and structure of the 
membrane [243, 244]. SEM images inferred that the optimal concentration of Pluronic 
F127 (6 wt%) created pores in the membrane.   
The micrograph images of TFN (1-5) membranes with different ZnO-NPs loadings (0-
0.1wt %) are shown in Figure 7.6. They revealed that, the surface morphologies of the 
169	
	
membranes are significantly transmogrified with the infusion of ZnO-NPs. The 
interactions between ZnO-NPs and TFC3 disrupt the polymeric chains mobility [245]. It 
was observed that ZnO-NPs are evenly distributed in TFN (1-5) membranes but the pores 
started diminishing after optimal concentration of ZnO-NPs (0.08wt %), in which the 
defects of mottled surface are filled with agglomerates of ZnO-NPs, as shown in the SEM 








7.4.5 Atomic Force Microscopy 
Figure 7.7 shows surface topography of single layer crosslinked (PVA-0.16) and TFN (1-
5) membranes. The PVA-0.16 membrane without Pluronic F127 and ZnO-NPs showed 
rough, ridge-valley structure [246, 247]. Upon ZnO-NPs infusion, the root mean square 
and average roughness (Rms and Ra) of the surface decreased with the increase in ZnO-
NPs wt %, as given in Table 7.1. The decrease in surface roughness presented better 
condition for the adsorption on the membranes [108]. TFN (1-4) membranes showed that 
the surface roughness started decreasing with the increase in ZnO-NPs which optimize 
the extra-large pores caused by the Pluronic F127 content, as shown in SEM analysis. In 
TFN5, the surface roughness again increased. The small increase in surface roughness 
with the inclusion of larger amounts of ZnO-NPs could be due to the fact that the excess 
amounts will adhere to the surface and form the unwanted ridge-valley structure that 
increase the surface roughness. That effect could be seen from surface morphology 




Figure 7.7 AFM images of single layer crosslinked PVA-0.16 and TFN (1-5) membrane
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7.4.6 Mechanical Testing 
The incorporation of ZnO-NPs into RO polymeric membranes can improve the 
mechanical properties due to the strong interfacial interactions between the organic 
polymer and the inorganic nanoparticles [69, 101, 105]. Figures 7.8 & 7.9 show the 
stress-strain curves and the Young’s modulus, elongation at break ultimate tensile 
strength for TFN (1-5) membranes, respectively. TFN (1-5) membranes showed very high 
strength compared to the single layer crosslinked PVA-0.16 membrane. The yield 
strength is increased to almost double in TFN4. Overall, the mechanical properties of 
TFN (1-5) membranes have good mechanical stability. Mechanical strength is a crucial 
property in reverse osmosis processes, since the operating pressure is extremely high, of 
the order of 55 bar. It is observed that the tensile strength is increased gradually from 
21.94 MPa in TFN1 to 41.97 MPa in TFN4. This is an outstanding finding, because the 
synthesized membranes are being utilized without substrates. Most of the RO membranes 
have a substrate layer for mechanical support. This layer may interfere undesirably with 















Figure 7.9 Young’s modulus, Ultimate tensile strength and Elongation at break of PVA-
0.16 and TFN (1-5) membranes. 
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7.4.7 Reverse Osmosis Separation Performance Testing 
7.4.7.1 Effect of crosslinker on PVA membrane separation performance 
Membranes were formed with and without varying concentration of DGEBA crosslinker 
(0-0.2wt %). Figure 7.10 shows the permeation flux and salt rejection of pure PVA and 
crosslinked membranes. It shows that increasing the amount of crosslinker resulted in 
continuous increase in salt rejection and demonstrates that the separation performance of 
pure PVA membrane is lower than crosslinked membranes.  
With the lowest concentration of DGEBA (0.02wt%), the separation performance showed 
permeation flux of 1.21m3/m2/day and salt rejection of 42%. When employing single 
layer crosslinked PVA-0.16 membrane, the permeation flux declined to 0.66m3/m2/day, 
while salt rejection increased up to 54%. When the crosslinker concentration increased up 
to 0.2wt%, there was no such visible difference found in the salt rejection and only a 
slight difference in permeation was observed as compared to PVA-0.16 membrane. Thus, 
that crosslinker concentration could be applied in the subsequent experiments. In PVA-
0.2 the salt rejection slightly declined to 53 % but the permeation flux dropped to 0.59 
m3/m2/day endorsing the fact that the membrane is so dense and packed in structure that 
it hindered water to pass through. The single layer crosslinked PVA-0.16 membrane had 




Figure 7.10 Effect of different concentration (0-0.2wt%) of crosslinker (DGEBA) on pure 
PVA membrane for separation performance. 
	
	
7.4.7.2 Effect of Pluronic F127 loading on membrane separation performance 
Figure 7.11 shows the effects of Pluronic F127 loading (0-10wt %) in single layer PVA-
0.16 crosslinked membrane for RO desalination performance. The permeation flux 
increased continuously from 1.32 m3/m2/day for TFC1 up to 1.71 m3/m2/day for TFC5. 
The results indicated that the TFC3 had optimal performance due to the significant 
increase of the permeation flux, while maintaining the salt rejection. TFC3 (6wt%) 
showed more than double permeation flux (1.58 m3/m2/day) compared to that of single 
layer PVA-0.16 crosslinked membrane. On the other hand, the salt rejection was 69.2%, 
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but kept nearly constant from TFC1-TFC3, but then showed a decrease to 68.4 and 67.6 
% for TFC4 and TFC5 respectively. 
The significant flux increase by the addition of Pluronic F127 is acclaimed to the 
Pluronic F127 particles that might change the bulk PVA membrane structure possibly by 
the formation of nano gaps at the interface, which could be responsible for the enhanced 
permeation flux. In addition, as shown by the contact angle measurements, the 
hydrophilicity of the TFC membranes have improved by the incorporation of hydrophilic 
side of Pluronic F127 particles. The tendency of pore formation is increased with 










Figure 7.11 Effect of Pluronic F127 loading (0-10 wt%) on PVA-0.16 membrane for 
separation performance.  
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7.4.7.3 Effect of ZnO-NPs Loading on TFC membrane separation performance (TFN) 
Figure 7.12 shows the effect of ZnO-NPs loading on TFC3 membrane, the permeation 
flux of TFN4 (0.08 wt% of ZnO-NPs) membrane is 1.96 m3/m2/day, which decreased in 
TFN5. The solution diffusion model can better elucidate the transport mechanism of the 
TFN membranes. It involves three steps: sorption at surface, diffusion under pressure into 
dense membrane and lastly the phenomena of desorption. The infusion of ZnO-NPs in 
TFC3 membrane can disrupt the packing of polymer chains by forming micro-porous 
defects between polymer interface and inorganic particles. The salt rejection increased 
from 69.2 for TFC3 to 98.7% for TFN4 membranes as a result of the incorporation of 
ZnO-NPs [241, 248]. The permeability of TFN (1-5) membrane increased with the 
increase in ZnO-NPs wt%. The PEO group in Pluronic F127 naturally acts as a driving 
force for water sorption and as a pore former in the membranes [69, 101, 242, 249]. 
TFN4 membrane, with optimal quantity of Pluronic F127 and ZnO-NPs, showed an 
increase in flux, and at the same time maintained high salt rejection. However, a slight 
decrease in permeation flux was observed at highest ZnO-NPs loading, TFN5 (0.1 wt%). 













7.4.8 Chlorine Resistance of TFN-RO Membrane 
The change in salt rejection before and after the Chlorine exposure is represented in 
Figure 7.13. Each of TFN (1-5) membranes is exposed to the sodium hypochlorite 
solution. The salt rejection of the PVA-0.16 membrane dropped from 54 to 41% after 
Chlorination. The significant performance decline for the single layer crosslinked PVA-
0.16 membrane was caused by the severe conformational deformations of the polymeric 
chains. The orton-rearrangement and subsequent N-Chlorination and ring-Chlorination 
reactions could disrupt the intermolecular hydrogen bonds between the polymer chains in 
membrane and destroy the symmetry of PVA network leading to a transformation of 
crystalline regions to an amorphous sites [248]. The partial destruction of PVA layer 
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increased the free volume and flexibility of the polymer matrix, which caused free salt 
passage through the membrane [105]. Chlorine resistance of the TFN-RO membranes can 
be ascribed to the improved hydrophilicity and ZnO-NPs barrier is able to protect the 
polymeric thin layer [69]. Moreover, due to crosslinking and infusion of ZnO-NPs, the 
intermolecular hydrogen bonding was enhanced between the TFN membranes containing 
various functional groups. This impeded the substitution of hydrogen with Chlorine on 










Figure 7.13 Chlorine resistance analysis before and after Chlorination for PVA-0.16, 






TFN-RO membranes were prepared using dissolution casting method and ZnO-NPs were 
infused in the PVA single layer membrane by dispersion. The incorporation of Pluronic 
F127 and ZnO-NPs improved the performance of RO membrane in terms of water 
permeability, salt rejection and Chlorine resistance by improving hydrophilicity and 
surface roughness of TFN. TFN4 membrane containing 0.08 wt% ZnO-NPs exhibited 
superior RO performance including 1.96 m3/m2/day permeation flux, 98.7% NaCl 















 Hyperbranched Polyethyleneimine, A Polycation Induced Zwitterionic Membrane 




Fouling is getting increased attention in different applications, ranging from biomedicine 
to membrane desalination processes. It refers to the unplanned accumulation of whole 
organisms (algae, plants, animals or microorganisms), biopolymers or unreacted 
surfactants on the wet structures of the membranes (reverse osmosis, micro, ultra 
filtration etc.). Reverse osmosis (RO) membranes are the most prevalent water purifying 
materials due to their high permeation rates and salt rejection as well as their excellent 
chemical, mechanical and thermal stability [5]. However, RO membranes fouling can 
lead to shortened membrane lifetime, reduction in permeation flux and decline in salt 
rejection [254]. This constraint is considered as a deadlock to improve the efficiency of 
RO process [255]. The fouling process can be reduced or delayed by periodic cleaning, 
pretreating the feed water, and surface modification of RO membranes [256, 257]. The 
first two methods are time-consuming and expensive as the periodic cleaning will shorten 
the membrane span life [258, 259]. Surface modifications like chemical bonding and 
physical adsorption are possible solutions to fouling problems [260]. 
RO membranes are sometimes classified into charged and neutral membranes based upon 
their inherent surface charge property. Broadly, applications of charged RO membranes 
are more than the neutral ones due to their fouling resistance. Anionic membranes 
generally attract positively charged species and are prepared mostly with carboxyl 
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containing groups. Thus, they often assure repulsion effect against the negatively charged 
substances, like colloids, anions, bacteria and so on [261, 262]. Similarly, cationic RO 
membranes often possess amino acids and their derivatives, which illustrate electrostatic 
repulsion on positively charged species. Moreover, anti-bacterial property of amino acid 
and its derivatives can enhance the RO system stability. Zwitterionic polymers (ZPs), 
which contain both anionic and cationic groups in the same unit are vital as an anti-
fouling materials [263]. Due to the inter and intra-bonding between opposite charges 
within a zwitterion, “free water” hydration layers form and occupy the zwitterionic 
groups [264, 265]. The ionic solvation of these “free water” molecules, is much stronger 
than hydrogen bonded water molecules present in neutral hydrophilic polymers [266, 
267]. This trait is the primary reason why zwitterionic molecules possess superior 
antifouling properties and excellent permeability compared to normal hydrophilic 
polymers. Zwitterionic-based materials can strongly cohere water molecules via 
electrostatically induced hydration. Therefore, zwitterionic-based materials are 
considered as the most promising candidates for the preparation of low fouling membrane 
surfaces [268, 269].  
Hyperbranched polyethyleneimine (HPEI), an antifouling polymer, contains amine 
groups, which are widely used to modify the surface of RO membranes [270, 271]. By 
various methods of surface modification, HPEI can be retained onto the surfaces of base 
membranes and used as ligands or to provide more coupling sites for immobilization of 
different ligands [272, 273]. It owns a mixed charge property, which originates from 




In this study, we focused on fabricating novel HPEI induced RO membranes by 
deposition of (HPEI) for antifouling RO membranes. Antifouling performance was 
observed for optimized zwitterionic coating with CTAB solution as a standard cationic 
surfactant foulant. HPEI-RO membranes are further characterized by contact angle 
measurement (θ), Fourier transform infrared spectroscopy (FTIR), scanning electron 
microscope (SEM), X-ray diffraction (XRD), atomic force microscope (AFM). The 
fouling resistance analysis of the optimized zwitterionic coatings under arduous fouling 




Analytical grade poly (vinyl alcohol) PVA (Mw=89000), maleic acid as a crosslinker 
(C4H4O4; MA> 99%), Pluronic F-127 (pore former), hydrochloric acid (HCl) and 
hyperbranched polyethyleneimine (HPEI) were obtained from Sigma Aldrich (USA). 
Commercially available natural sea salt collected from Pacific Ocean (USA) was used for 
RO process. All the chemicals were used without further treatment. 
8.2.2 Membranes Synthesis 
8.2.2.1 Synthesis of PVA/MA crosslinked membranes 
PVA (17.5wt %) was mixed with different wt % of maleic acid (Table 8.1) along with 1 
mL of 2 M HCl (crosslinking catalyst) to prepare crosslinked solutions. The mixture was 
dissolved in distilled water (82.5wt %) with continuous stirring of each solution for 6 h at 
80 ̊C. The clear, viscous and homogenous solutions of five concentrations of maleic acid 
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(0-0.1wt %) were dried at 60 ̊C and labeled as PVA/MA. The PVA/MA membranes were 
tested in RO assembly and the membrane with maximum salt rejection was selected. 
Then, different concentrations of Pluronic F-127 (0-5wt%), shown in Table 8.1 were 
composited with selected PVA/MA0.04 solution and magnetically stirred for 4 h at 80 ̊C 
until homogeneous solutions (labeled as PVA/MA/PluronicF127) were formed. The 
PVA/MA/PluronicF127 solutions were spread slowly on Petri dishes and placed in an 
oven at 60 ̊C for controlled evaporation of solvent keeping uniform thickness of the 
membrane. The solution was transferred to each Petri dish of the same diameter with 
equal quantity utilizing the dissolution casting methodology. The membranes were 
carefully removed from each Petri dish using sharp blades. PVA/MA/PluronicF127-4 (4 
wt % of Pluronic F127) membrane showed highest permeation flux and maximum 
selectivity (salt rejection) and was selected for further treatment as a zwitterionic 
membrane.  
8.2.2.2 Membrane modification as zwitterion membrane 
HPEI was mixed in water at a pre-determined amount (1000-4000 ppm). The 
PVA/MA/PluronicF127 base was kept in a stationary test cell where the cylindrical cell 
behaved as a feed reservoir. Modification of membrane was conducted by charging the 
HPEI solution into the permeation chamber and the membrane surface contacted the 
solution for 4 h at ambient conditions, during which the polycation was deposited onto 
the PVA/MA/PluronicF127-4 membrane surface. Then the HPEI solution was taken out 
from the permeation cell and the membrane was properly rinsed with the deionized water. 








Table 8.1 Weight percentages of PVA/MA, Pluronic F127 and HPEI. 
 Amount of loadings 
*Maleic acid (wt.%) 0     0.02     0.04    0.06    0.08     0.1 
0       1           2        3         4          5 
 
1000     2000      3000       4000 




*with 0.04wt.% of Maleic acid 





8.3 Membrane characterization 
8.3.1 Fourier Transform Infrared Spectroscopy 
An IR Prestige-21 (Shimadzu) using attenuated total reflectance (ATR) accessory 
equipped with zinc selenide (ZnSe) crystal was used to obtain FTIR spectra of the 
composite membrane samples. Before each sample scan, an air background of the 
instrument was run. The frequency range was from 4000-600 cm-1 at a resolution of 4.0 
cm-1 and average of 120 scans per spectrum were reported.  
8.3.2 Contact Angle Measurements 
Goniometer (Digidrop, KSV Instruments) was used to evaluate sessile drop contact 
angles of single layer crosslinked (PVA-0.16), TFC3 and TFN (1-5) membranes. The 
equilibrium value was average of right and left angles. The reported data were the 
average of three measurements for each membrane sample. 
8.3.3 Scanning Electron Microscopy 
SEM micrographs of the membranes pure PVA, single layer crosslinked (PVA-0.16), 
TFC3 and TFN (1-5) were taken on S-3400N Hitachi (USA). The instrument was 
operated under low vacuum mode to analyze sample. For gold sputtering, samples were 
prepared by using DENTON VACUUM SPUTTERING AUTOMATICO DESK IV. 
Sputtering on the target will generate particulate vapor, which will condense into very 
thin, amorphous layers on available surfaces within the vacuum chamber. This instrument 
was primarily utilized for SEM sample preparation. 
188	
	
8.3.4 Atomic Force Microscopy (AFM) 
Atomic force microscopy (AFM) imaging was conducted using a Digital Instruments 
(Santa Barbara, Ca) Dimension 3000 with a Nanoscope III controller. Topographical 
images were taken using standard tapping mode. In PFT-mode, a cantilever was 
oscillated sinusoidally at 350 kHz resonant frequency, and brief contacts with the sample 
surface at the down stroke of each cycle. A user-established set point force was 
established so that the sample surface was minimally deformed (on the order of a few 
nanometres) and used as feedback control. Scanned images were taken at 512 x 512 pixel 
resolution.  
8.3.5 Mechanical Testing 
The mechanical properties of the TFN (1-5) membranes, i.e. the stress strain curves, 
ultimate tensile strength, elongation at break and the Young's modulus, were primarily 
evaluated. Instron 5567 Tensile Testing Machine fitted with a 10 kN load cell was used to 
perform the load-extension experiments. Membranes were cut into strips with gauge 
length and width of 50 and 10 mm, respectively. The thickness of the membrane samples 
was measured using a micro-caliper and maintained at ~0.1 mm for all of the tested 
samples. All specimens were drawn at ambient temperature and the Young’s modulus was 
calculated in triplicate using stress-strain curves, which were instantaneously recorded by 
a computer. A crosshead speed of 10 mm/min was maintained throughout the tensile 
experiments. 
8.3.6 Biofouling Testing 
The fouling tests for the membranes were conducted by adding different concentration 
(10, 50 and 100 ppm) of a cationic surfactant (CTAB) in the feed solution, and the 
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antifouling characteristic of the membrane was assessed by observing the permeation flux 
with respect to time.  
8.3.7 Bacterial Adhesion Testing 
The bacteria was kept warm in a solution of peptone and beef extract per litter and 
rotating at 100 ppm until it attained the immobile phase, with the amounts of 7–
5.5 × 108 (CFU/mL) and 1.5–4 × 109 (CFU/mL) for S. epidermidis and E. coli, 
respectively. Samples of coated and uncoated control membranes were taken for analysis. 
These specimens were immersed at 38 °C in 1 mL of bacterial broth at 100 ppm. After 
24 h of soaking, the samples were washed 4 times by 1 mL Phosphate-buffered saline 
(PBS). At the end, the samples were stained by Molecular Probes Live/Dead stain, which 
contained Styo-9 and Propidium Iodide to indicate dead cells as red and live cells as 
green [275]. 
8.4 Results and Discussion 
8.4.1 Fourier Transform infrared spectroscopy 
Figure 8.3 shows the FTIR analysis that was conducted to confirm the proposed interactions 
between PVA, Pluronic F127, and hyperbranched polyethyleneimine (HPEI) in the presence 
of constant amount of Maleic Acid (MA). The –CH stretching was confirmed by the 
existence of band at 2914 cm-1, which was moved towards lower wavenumber 2875 cm-1 
due to the H-bonding with the addition of HPEI. The C-N band of HPEI was observed at 
1183 cm-1 [276, 277]. The strong band at 3281 cm-1 was attributed to hydrogen bonded –OH 
present in PVA and Pluronic 127 and also –NH2 of HPEI [278]. A strong stretching band at 
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1643 cm-1 was ascribed to -C=C- group of maleic acid [279]. The band at 1090 cm-1 in all 











8.4.2 Contact Angle Measurements 
Water contact angle was measured to determine the hydrophilic nature of the modified 
membranes. Figure 8.4 shows the water contact angle for the samples. Surface 
modification of membranes with HPEI decreased the water contact angle, which was due 
to the incorporation of hydrophilic groups. It was noted that after surface modification 
with HPEI, the water contact angle was reduced to 34.6° which was smaller than the 









8.4.3 Atomic force microscopy 
Figure 8.5 displays the three-dimensional AFM images of control and HPEI-RO (1-4). It 
was observed that there was a conventional nodular structure, and the root mean square 
roughness (RMS) of HPEI-RO membranes decreased from 18.29 to 5.42 nm with 
increase in HPEI molar ratio from 1000 to 4000 ppm which might be due to the addition 
of HPEI, that had an ability to form chain conformation. The enhancement in inter- and 
intra-chain electrostatic attraction decreased the flexibility and rotational freedom of 
polymer chains, which resulted in a reduction in surface roughness [282]. The reduced 
surface roughness had also been discussed in literature in some other polymer 
modification membranes [283, 284]. This examination was mainly significant for the 
improvement of anti-fouling behavior of RO membranes as preceding literature had 






Figure 8.5 AFM images of control and HPEI-RO (1-4) membrane. 
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8.4.4 Scanning Electron Microscopy 
The morphological studies of controlled, HPEI-RO (1-4) membranes were carried out, as 
shown in Figure 8.6. The control membrane was smoother and denser with no obvious 
porous structure. The HPEI is the influential factor for the final properties and structure 
of the membrane [285, 286]. SEM images inferred that Pluronic F127 created pores in the 
membrane. The figure revealed that the surface morphologies of the membranes were 
considerably transmogrified with the infusion of HPEI. The interaction of HPEI with 
PVA/Pluronic F127 disrupted the polymeric chains mobility [287]. The nano pores (< 
100 nm) were observed in all HPEI-RO membranes. The observation suggested that the 
infusion of HPEI-RO as hybrid intermediate increased the compatibility between the 








8.4.5 Membrane Fouling Resistance for HPEI-RO Membranes 
Membrane fouling tests were carried out with salt (NaCl) solution using different 
concentration of CTAB (cationic surfactant) as a standard foulant. Figure 8.7 shows one 
set of membrane fouling experiment having CTAB (10, 50 and 100 ppm) concentrations. 
It was observed that in all of the samples with and without modification, the permeation 
flux started decreasing and after 6 h, the decline gradually approached a quasi-steady 
state. As shown from the figure, the zwitterionic membranes showed much improved 
water flux compared to the unmodified membranes. This implies that the zwitterionic 
membranes were truly biofouling resistant. The presence of foulants did not alter the 
























Figure 8.7 Permeation fluxes of control and HPEI-RO3 membranes during RO tests with 
NaCl solutions (3.28wt.%) containing different level of CTAB. The modified membranes 
were surface modified with 3000ppm HPEI. 
	
	
8.4.6 Bacterial Adhesion test 
The membrane resistance to bacterial adhesion was tested using two bacteria, E. coli, a 
Gram-negative bacterium and S. epidermidis, a Gram-positive bacterium. The two 
bacteria were cultured at each of its initial immobile phase and then the membranes were 
immersed the in the broth. The amount of E. coli in the broth was 4–1.5 × 108 (CFU/mL) 
and that of S. epidermidis was 7–5.5 × 109 (CFU/mL). The bacteria were stained by 
SYTO 9 and Propidium Iodide. The bacteria, dead or alive, stained by SYTO 9 were 
shown in green color. Only the dead bacteria were stained by Propidium iodide and were 
shown in red color. The stickiness was tested after the membranes had been immersed in 
broths for 4 h. It appeared that the zwitterionic moieties on the HPEI-RO membrane 
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could oppose the bacteria adhesion. Membrane HPEI-RO4 displayed a 97% improvement 
in antibacterial property compared to the unmodified membrane. Figure 8.9 shows the 
schematic representation of the zwitterionic membrane for anti-bacterial adhesion. 
 
 
Figure 8.8 Relative amount and viability of S.epidermidis and E.coli adhering onto the 
control and HPEI-RO (1-4) membranes. S.epidermidis and E.coli had been cultured until 















HPEI-RO membranes having zwitterions were effectively synthesized with HPEI and 
MA through surface modification and chemical crosslinking methods tested by dead end 
RO assembly. FTIR analysis confirmed the HPEI and MA functional group of the 
membranes. The AFM roughness value of all HPEI-RO membranes decreased with 
increasing HPEI content in zwitterionic membranes. Both water contact angle and RO 
performance test measurement demonstrated that HPEI-RO membranes have high 
permeation flux and could bind high amount of water molecules with zwitterions in 
membranes. In addition, the HPEI-RO3 exhibited the stability during desalination process 
and good fouling resistance property. As a result, this research offered a process for 
incorporating developed zwitterionic into RO membranes to attain high permeation flux 













CHAPTER 9  
CONCLUSIONS AND FUTURE WORK 
9.1 Conclusions 
Membrane-based RO desalination technology, like any other desalination technology, is 
not free from some serious challenges. The two major problems related to RO 
applications in desalination are membrane biofouling and Chlorine attack, which 
negatively affect the performance efficiency in RO industries. To promote the large-scale 
utilization of RO membrane technologies, it is crucial to overcome the challenges faced 
by current RO membranes. 
The present research was designed to investigate novel PVA RO membranes with various 
fillers and combinations and their effectiveness as active RO separation layers with 
improved biofouling and Chlorine resistance. The uniqueness of this work was that the 
PVA polymer matrix was utilized as an active RO layer without the use of any polymeric 
or ceramic substrate. The utilization of the RO membranes without the use of a substrate 
reduces negative consequences, such as internal concentration polarization that causes an 
increase in the applied RO pressure. Although PVA possesses excellent separation and 
film forming properties, researchers tend not to use PVA as an active layer in RO 
applications because of PVA swelling effect and the membrane rupture under high 
pressure. Instead, they utilize PVA as a modifier. The results of this investigation showed 
that the fabricated RO membrane overcame those issues through appropriate crosslinking 
and through appropriate selection of fillers.  
The crosslinked PVA RO membranes incorporated with various fillers were fabricated 
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using dissolution casting method. The fabricated membranes were then characterized and 
analyzed using various techniques like attenuated total reflection Fourier transform 
infrared spectroscopy (ATR-FTIR), contact angle measurements, X-ray diffraction 
(XRD), scanning electron microscope (SEM), atomic force microscope (AFM) and 
mechanical testing. The actual reverse osmosis performance of the membranes, including 
permeation testing, salt rejection and Chlorine resistance was examined using a reverse 
osmosis permeation unit. 
This study showed that the incorporation of Pluronic F127 and MWCNTs into the PVA 
polymer matrix improved the overall RO performance of the membrane in terms of 
hydrophilicity, surface roughness, water permeability, salt rejection, Chlorine resistance 
and biofouling resistance. The membranes that contain 0.08 and 0.1 wt% MWCNTs 
provided optimal salt rejection, Chlorine and biofouling resistance and mechanical 
strength. Although the permeation of these two membranes is not the best, they relatively 
have an excellent water flux.    
Furthermore, It has been shown that the conjugation of Vanillin and Pluronic F-127 
improved the overall RO performance of the membrane in terms of hydrophilicity, 
surface roughness, salt rejection, Chlorine resistance, biofouling resistance and 
mechanical strength. Membranes PVA-V4 and PVA-V5 provided optimal salt rejection, 
Chlorine resistance, mechanical strength and surface hydrophilicity. Although the 
permeation of these two membranes is not the best, they relatively have an excellent 
water flux.  
It has been shown that conjugating PVA with Gum Arabic and Pluronic F127 improved 
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the overall RO performance of the membrane in terms of hydrophilicity, surface 
roughness, water permeability, salt rejection, Chlorine resistance, biofouling resistance 
and mechanical strength. The membrane PVA-GA-5 that contains 0.9 wt% Gum Arabic 
provided optimal salt rejection, Chlorine and biofouling resistance, mechanical strength, 
permeability, surface roughness and surface hydrophilicity.    
The incorporation of ZnO-NPs and Pluronic F-127 improved the performance of RO 
membrane, as well. The improvement was in terms of water permeability, salt rejection 
and Chlorine resistance by increasing hydrophilicity and affecting the roughness of the 
membrane. The membrane TFN4, containing 0.08 wt% ZnO-NPs, exhibited superior 
permeation flux, salt rejection and Chlorine resistance. 
HPEI-RO membranes having zwitterions were effectively synthesized, as well. FTIR 
analysis confirmed the HPEI and MA functional group of the membranes. The AFM 
roughness value of all HPEI-RO membranes decreased with increasing HPEI content in 
zwitterionic membranes. Both water contact angle and RO performance test 
measurements demonstrated that HPEI-RO membranes had high permeation flux and 
could bind high amount of water molecules with zwitterions in membranes. In addition, 
the HPEI-RO3 exhibited the stability during desalination process and good fouling 
resistance property.  
As a final conclusion, the outcomes of this study have shown a great promise for the 
proposed crosslinked PVA membrane as an active RO separation layer without a 
substrate. The results of this investigation showed that the fabricated RO membrane 
overcame PVA drawbacks through appropriate crosslinking and through appropriate 
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selection of fillers. The synthesized membranes had an improved RO performance and an 
enhanced Chlorine and biofouling resistance. 
9.2 Future Work 
The findings emerged from this research provide the following insights for future studies: 
• The permeation experiments in this research have been performed utilizing a 
dead-end filtration unit, for lab testing purposes. In RO plants, the membranes are 
utilized in cross-flow configuration, where the feed solution flow direction is 
perpendicular to the membrane thickness. As an extension of this research, the 
permeability and selectivity of the membranes should be assessed in cross-flow 
configuration to mimic the industrial module. 
• A further study could assess the effect of permeation experiment variables on the 
performance of the synthesized membranes. For instance, the feed solution 
temperature is an important factor that may alter the performance of the 
membrane. Even biofouling resistance could be affected by temperature, as higher 
temperatures accelerate the growth of microorganisms. Furthermore, the operating 
pressure is another variable that could affect the performance of the membrane. 
• Long-term performance of the membrane needs to be investigated. Due to the 
limitation of the volume of the feed solution inside the dead-end filtration unit, the 
permeation experiments were limited. Employing a cross-flow filtration unit 
allows for long-term experimentation.   
• A future study investigating probable interactions between the various fillers used 
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